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THE RELATIONSHIP OF IRRIGATION TO PUBLIC HEALTH! 


Lloyd E. Meyers, Jr.2 
(Proc. Paper 1235) 


ABSTRACT 


Serious mosquito-caused public health problems exist in many irrigated 
areas of the United States. These problems are primarily the result of the 
same faulty irrigation structures and practices which cause water waste, 

damaged soils and reduced crop production. 
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The benefits of irrigation are so great, so obvious, and so well known that 
it is sometimes difficult to realize that there may also be some adverse ef- 
fects. The favorable results irrigation may have on public health, through 
improved living standards made possible by the increased production of food 
and fiber, are well known and well recognized. The unfavorable results irri- 
gation may have on public health are not so well known and are commonly not 
recognized. This discussion will be devoted to those unfavorable and unpopu- 
lar aspects. 

Some diseases associated with irrigation in other countries are not pres- 
ently of great concern in the United States. For example, we are not troubled 
by schistosomiasis, a serious disease caused by blood flukes, although it is 
estimated that approximately seventy percent of Egypt’s population is in- 
fected. (Anon., Dec. 1951.) Filth-born diseases such as typhoid and dysen- 
tery, associated with the use of polluted irrigation water for drinking or for 
irrigation of crops consumed raw, have been greatly reduced in our country. 
We still do have, however, problems associated with irrigation-caused biting 
insects, such as black flies and mosquitoes. We have serious problems rela- 
tive to diseases transmitted by mosquitoes. Although we have practicaliy 
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eliminated mosquito-borne yellow fever and malaria in the United States, the 
problem of mosquito-borne encephalitis remains to be solved. 

Encephalitis means “inflammation of the brain,” and is commonly called 
“sleeping sickness.” It results from infection by viruses and can cause seri- 
ous brain damage or death. There is no curative medical treatment known, 
and immunizing vaccines are not available for humans. Although other mos- 
quitoes are capable of transmitting the encephalitis viruses, Culex tarsalis 
is the major vector and is frequently called the “encephalitis mosquito.” The 
disease is, in many areas of the United States, common in horses, and the 
viruses which affect horses are, with the possible exception of the St. Louis 
strain, the same ones which affect humans. Severe human epidemics have 
occurred in the United States, and some of them are worth mentioning. An 
epidemic of 1,000 cases with 200 deaths struck St. Louis, Missouri, in 1933. 
The Dakotas and neighboring states had 2,800 cases in 1941. There were 813 
cases with 58 deaths reported in California in 1952, and other outbreaks of 
the disease have occurred in various parts of the country since that time. It 
is reliably estimated that over 1,000 cases occur annually in the United 
States, although a majority of them are not recognized. It is true that not all 
encephalitis epidemics are associated with irrigation, but many of them, such 
as the 1952 epidemic in California, are; and the potential for epidemics in 
many other irrigated areas is high and is increasing with the development of 
irrigation. The constant threat of irrigation-caused encephalitis epidemics 
and the constant occurrence of smaller non-epidemic outbreaks are serious 
matters and cannot be ignored. 

Mosquitoes not only carry human disease but are of sufficient economic 
importance to warrant consideration of that factor. (Furman, Feb. 1953.) 
Some of the ways in which mosquitoes cause economic loss are as follows: 


a) Animal diseases, such as encephalitis of horses, fowl pox, heartworm 
of dogs, and myxomatosis or “big head” of rabbits, are often spread by 
mosquitoes; 

b) dairy, beef, and poultry production is often seriously reduced; 

c) real estate values are depressed; 

d) labor is made difficult to hire; 

e) industrial development is retarded or prevented; 

f) tourist trade is reduced or eliminated; 

g) outdoor living and recreation are restricted or prevented; and 

h) mosquito control is costly. Approximately $4,000,000 is spent annually 
on mosquito control in California primarily on problems directly asso- 
ciated with irrigation. Hundreds of thousands of dollars more are spent 
in this one State for mosquito repellents, household mosquito sprays, 
and medications for mosquito bites. The total of similar expenditures 
in all our irrigated areas must be staggering. 


Mosquitoes have certain habits and abilities (other than their ability to 
carry disease) which are responsible for their adaptation to and their impor- 
tance in irrigated areas. There are approximately 2,000 separate species 
and sub-species which have been identified in the world, and about 120 species 
have been identified in the Western United States. The large number of 
mosquito species is worth noting because each species has slightly different 
habits and abilities. Some of these habits are of only incidental interest to 
irrigation engineers, such as the fact that the female Aedes varipalpus pre- 
fers to lay her eggs in tree holes or the fact that Mansonia perturbans larvae 
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have spikes on their tails which they sink into hollow cat-tail or tule roots to 


obtain air for breathing. Some habits and abilities are important to us, how- 
ever. 


The flight range of mosquitoes is highly variable. Anopheles species 
usually stay within a mile or two of their source. Some species, such as 
Anopheles freeborni, make dispersal flights in the Fall, when they are seek- 
ing favorable sites for hibernation, and in the Spring, when they emerge from 
Winter hibernation. During Fall dispersal flights, they may fly for many 
miles. Culex species normally fly only two to four miles, but observations 
during the 1952 encephalitis epidemic in California indicated that Culex 
tarsalis probably flew much farther than this. Some Aedes species have been 
shown to fly over twenty miles. These long flight ranges mean that mosqui- 
toes will spread rapidly throughout an irrigated area and can affect humans 
and animals some distance from the irrigated area. 

Egg-laying habits of mosquitoes are of considerable importance as they 
relate to irrigation practice. From the standpoint of irrigation, mosquitoes 
can be divided into two basic types: those laying eggs on the water surface, 
and those laying eggs on moist soil. Eggs of Culex, Anopheles, and some 
other genera are laid on the water surface and after several days hatch into 
larvae. The larvae, or “wigglers,” progress through four stages, or instars, 
and develop into pupae, or “tumblers,” from which the adult mosquitoes 
emerge. Since this process takes a minimum time of approximately five to 
six days, even in the hottest California weather, these mosquitoes propagate 
primarily in permanent or semi-permanent water collections such as those 
found in borrow pits, pooriy maintained drains or ditches, or structures 
which hold water when not in use. Despite the relatively long time required 
for completion of the aquatic cycle, these mosquitoes are commonly produced 
within irrigated fields. (Anon., June 1953.) 

Eggs of Aedes, Psorophora, and some other genera are laid on moist soil 
which will probably be reflooded at some future date. The eggs mature, be- 
come hatchable, or are conditioned in the dry state and usually hatch within a 
few minutes after being covered by water. The aquatic cycle is then the same 
as for other mosquito species. It should be emphasized that the aquatic cycle 
of all mosquitoes must be completed in water. Mosquitoes cannot propagate 
in damp grass. Because of the immediate hatching, the egg-to-adult cycle 
can be completed in four days when mean temperatures of approximately 85°F 
prevail. (Husbands and Rosay, Feb. 1952.) Prior to the development of irri- 
gation, these were floodwater mosquitoes whose eggs were laid where they 
would be inundated by high water in Spring or Fall floods, and ordinarily only 
one or two broods were hatched each year. The practice of intermittent irri- 
gation is ideally suited to the needs of these mosquitoes, and in a majority of 
cases every irrigation produces a new brood. Even though water is not ordi- 
narily supposed to stand for four days within intermittently irrigated fields, 
these mosquitoes are produced within a majority of the irrigated fields in 
most, if not all, of our irrigated areas. 

The common idea that sloughs and swamps are responsible for most 
mosquito problems is not true. Mosquito problems in irrigated areas are 
primarily the result of mosquito production caused by faulty irrigation struc- 
tures and faulty irrigation practices. The Milk River Valley in Montana may 
be used as an example. People living in that area had, for many years, 
blamed their terrific mosquito problems on the numerous sloughs in the Val- 
ley. An intensive study made by the U.S. Public Health Service in 1952 
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showed that 90% of the mosquito production was caused by irrigation, and 
over 70% of the mosquito production occurred within the boundaries of irri- 
gated fields. (Anon., Apr. 1953.) 

Water which stands for four days on the soil surface in an irrigated field 
will, with very few exceptions, damage both the crop and the soil. (Myers, 
Jan. 1956.) Since water must ordinarily stand for four days or more before 
mosquito production can occur, the production of mosquitoes within an inter- 
mittently irrigated field ordinarily indicates a situation which is undesirable 
from an agricultural standpoint. This fact is of great importance to us all. 

The desirability and the possibility of greatly reducing or eliminating 
mosquito production by adopting good irrigation practices has been shown by 
a number of studies. A cooperative investigation in the San Joaquin Valley 
of California by the California State Health Department and the Soil and Water 
Conservation Research Branch of the Agricultural Research Service has 
shown that mosquito production, as we might expect, is associated with irri- 
gation efficiency. (Myers, June 1956.) Three border-strip irrigated pastures 
on similar soils were studied with the following results: 


irrigation efficiency of 25% - abundant mosquito production; 
irrigation efficiency of 35% - moderate mosquito production; 
irrigation efficiency of 66% - no mosquito production. 


A cooperative investigation by the U.S. Public Health Service and the Agricul- 
tural Research Service in the Milk River Valley of Montana showed the fol- 
lowing results: By using fertilizers and timing irrigations to allow 60% of 
the available soil moisture to deplete between irrigations, formerly abundant 
mosquito production in a hay field was completely eliminated, and hay pro- 
duction was increased five fold. 

The previous information has been presented to show that mosquito pro- 
duction within intermittently irrigated fields is unnecessary and undesirable 
from both agricultural and public health standpoints. Mosquito production in 
ditches, borrow pits, equalizing reservoirs, and other irrigation and drainage 
structures can also be considered to indicate situations which are undesirable 
from the standpoints of water conservation, weed control, maintenance, and 
operating efficiency. Space does not permit a complete analysis of each situ- 
ation, but a brief listing of various causes for mosquito production associated 
with irrigation can be made as follows. 


Irrigation Storage Reservoirs 


Ordinarily not problems because of falling water levels throughout Sum- 


mer. Occasional problems due to uncleared marginal vegetation and undrained 
marginal pools. 


Distribution System 


Equalizing reservoirs with shallow, weedy margins. 
Seepage from canals which creates swampy areas on lower lying lands. 
Ditch bottoms not on grade, causing ponding during non-use periods. 
Structures not on grade, ponding water upstream. 

Leaky structures creating downstream ponds. 

Undrained borrow pits holding water from seepage or runoff. 


—— 
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Structures which hold residual water when not in use. 
Inadequate maintenance, resulting in retarded channel flow, weed growth 
and other situations favorable for mosquito propagation. 


Irrigated Lands 


Inadequate drainage, both surface and sub-surface. 
No outlets provided for farmstead drainage. 
Non-recognition of the need for drainage. 
Over-application of irrigation water. 
Poor measurement of water by farmer or water-supply agency. 
Use of inefficient irrigation methods. 
Inadequate land preparation, causing ponding within fields. 
Lack of information needed to establish proper irrigation schedules. 
Delivery schedules not corresponding to proper irrigation schedules, 
Non-recognition of damage to crops and soils caused by over-irrigation. 
Problem soils with low infiltration rates due to compaction, alkali damage, 


or poor soil structure. Frequently caused by poor soil management 
practices. 


All of the irrigation-mosquito causes listed above relate directly to the 
activities of irrigation and drainage engineers. Engineers have primary 
responsibility for planning, designing, and constructing irrigation and drain- 
age works. Engineers have considerable responsibility for obtaining the in- 
formation farmers need for selecting, planning, and carrying out suitable 
irrigation practices. It would seem, therefore, that engineers also have some 
responsibility for mosquito problems associated with irrigation. 

Engineers are trained to consider all aspects of a problem before develop- 
ing a final plan or design. Many of us wil! recall being mouse-trapped in an 
elementary structural design class when Iiirst asked to select a beam to sup- 
port a given ceiling load. Our pride at quic\ly calculating a beam of suitable 
strength was turned into serious embarrassment when we were subsequently 
requested to calculate the deflection. The effect that a strong but sagging 
beam would have on a plaster ceiling was painfully obvious. This exercise 
emphasized the need for considering deflection as well as strength in struc- 
tural design problems. By the same token, it seems appropriate that irriga- 
tion and drainage engineers consider the public health aspects and the mos- 
quito-caused economic aspects of irrigation and drainage when developing 
plans, designs, or information. 

The relationship between public health, mosquito problems, and irrigation 
and drainage is not an unfortunate situation to be looked upon with regret and 
misgivings. It is, instead, a powerful tool which can be used to improve our 
irrigation and drainage works and our irrigation and drainage practices. 
Irrigation and drainage engineers have the ability and the responsibility to 
play a leading role in developing the methods and the means for using this 
tool. They have an opportunity and an obligation to convert an existing debit 
into a future credit. The future prosperity, comfort, and health, and even the 
lives, of many people depend upon the proper recognition of that obligation 
and the intelligent use of that opportunity. 


t 
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SYNOPSIS 


A method of determining the pumping capacity requirements for stations 
to serve leveed agricultural areas from consideration of basic hydrologic and 
economic factors is presented in this paper. The availability of hydrologic 
data for general application to drainage problems is discussed and procedures 
are described to illustrate the method of analysis required for determination 
of pumping requirements. The economic analysis includes an evaluation 
based on the unit costs of pumping to reduce the depth and the extent of flood- 
ing as well as the costs to reduce the duration of flooding. 


INTRODUCTION 


The basic problems associated with interior drainage facilities of local 
flood protection projects serving urban areas present useful analogies to 
those associated with leveed agricultural areas, although the latter have 
lesser scope and generally have a reduced potential for causing damages in 
the protected area. Because of the larger costs involved in the provision of 
interior drainage facilities serving urban areas, more studies have been made 
and consequently more general criteria are available for determination of ca- 
pacity requirements for drainage outlets and pumping stations at these loca- 
tions than for comparable installations serving agricultural areas. The de- 
termination of pumping capacity requirements for leveed agricultural areas 
generally have been predicated on the basis of experience in the general re- 
gion and without full consideration of the several economic factors involved. 
The construction of levees to prevent the inundation of productive agricul- 
tural lands during the occurrence of floods poses two major problems. First, 
blocking of the normal drainage courses of the protected area by the levee 
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requires the provision of gravity drainage structures through the levee for 
use during low river stages. Second, blocking of gravity flow through the out- 
let during the occurrence of river flood stages requires that provision be 
made for storage, or disposal, or runoff occurring during the period of flood 
stages. It is the second of these problems that is considered in this paper. 

A number of factors must be considered in determining the design capacity 
requirements of pumping facilities, the most important being, the frequency, 
duration and seasonal occurrence of river stages which block gravity flows 
through the outlet, land uses in the protected area, the frequency, duration 
and seasonal occurrence of interior flooding in the protected area, magnitude 
of damages within the leveed area, etc. As a general rule, levees protecting 
agricultural areas usually contain sloughs and low lying undeveloped areas 
that are available for the temporary storage of runoff occurring during river 
flood stages. In addition, the occurrences of the principal river flood periods 
at times other than during the crop season permits utilization of ponding in 
the protected area without causing a material increase in crop damage. 

The need and justification of the installation of pumping facilities for dis- 
posal of runoff from agricultural areas differ in some respects with the pro- 
vision of pumping stations to serve urban areas. In the case of urban areas, 
pumping facilities usually are considered as a necessary adjunct to the basic 
objectives of the flood protection works so that a strict economic iustifica- 
tion of each individual pumping station may not be required, whereas for 
agricultural areas, pumping facilities usually are not considered as essential 
to the basic flood protection works because of the availability of ponding 
areas for temporary storage of runoff, and their installation usually are de- 
pendent upon the economic justification of individual stations. 


Relation of Land Use to Drainage Requirements 


One of the major considerations in the design of drainage facilities to 
serve leveed agricultural areas is the land use practices in the particular 
area, both for the existing state of development and for conditions likely to 
prevail after flood protection is provided. In general, unprotected farm lands 
located in river bottoms that are exposed to periodic flooding usually consist 
of cultivated areas on which it is profitable to grow crops on a marginal basis. 
They are found also in other low-lying areas devoted primarily to sloughs, 
woods, and other nonagricultural use because of their exposure to the flooding 
hazard. The possibility of bringing such areas into higher productive use 

may be determined by factors associated with the economic feasibility of con- 
structing levees to provide flood protection to the total agricultural area, of 
which they are a part. Accordingly, after protecting levees are built, it is 
probable that landowners will drain the low lying lands more effectively in - 
order to bring them into higher agricultural production with the result that 

the drainage system developed after flood protection is provided may require 
major modification of the existing drainage system. The interior drainage 
system is an important factor in the determination of pumping capacity re- 
quirements. 

Whether or not a significant change in type of crops produced, cultivation 
practices, or crop rotation plans might be anticipated after levees are built 
would depend on conditions prevailing in a particular area. The probable im- 
provements in the interior area, in general, might be grouped into two cate- 
gories: first, those likely to be made immediately after the levees are built, 
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and second: those which may be made at a near future date consistent with 
the anticipated development of the area. The improvements in the first cate- 
gory might be adopted as a basis of project design. Improvements contem- 
plated at some future date are of particular importance in the determination 
of design capacities of gravity drainage outlets at the line of flood protection 
work, but are important also in pumping station design. In many instances, 
decision as to whether or not the additional capacity should be installed at the 
present time, or at some future date, can be resolved on the basis of an eco- 
nomic comparison between the estimated benefits from the facilities and the 
value of interest on the additional investment versus capital costs when 
needed. 

The degree of protection to be provided by the proposed pumping facilities 
varies with respect to the time permissible for removal of excess runoff. 
Relatively, agricultural developments do not require the higher order of pro- 
tection normally associated with pumping stations serving urban area be- 
cause of differences in the value and the concentration of properties that may 
be subject to damage. The majority of drainage benefits usually may be rea- 
lized in an agricultural area when excessive waters are removed within a 
period of time sufficient to prevent water logging the soil and causing appre- 
ciable damage to plant growth. Accordingly, the principal purpose of agricul- 
tural drainage is to prevent soil saturation over excessive time periods and 


to provide for the direct removal of runoff resulting from the smaller and 
more frequent storms. 


Hydrologic Analysis 


One approach to the design of agricultural pumping facilities is through the 
application of hydrologic techniques combined with a judicious consideration 


of the several economic factors involved. The requirements of such a study 
are as follows: 


a) Topographic and hydrologic data pertinent to the area. 
b) Determination of rainfall rates and losses. 
c) Determination of runoff rates and volumes. 
d) Determination of relations between pumping rates and storage, where 
applicable, for different magnitude of rainfall occurrences. 


e) Economic analysis of costs and benefits of various pumping rates to de- 
termine the optimum installation. 


Illustrative Example 
General 


A proposed pumping installation located in the central part of the United 
States has been selected to illustrate the various hydrologic procedures in- 
volved and to show an application of this method of analysis to a sample area. 
An existing levee system provides protection against flood waters of the adja- 
cent river. Runoff originating within the interior area is passed through the 
levee by gravity when heads are satisfactory but must be ponded during high 
river stages. The interior drainage system is generally inadequate to convey 
runoff to the gravity outlet even when there is no backwater influence from the 
river. Accordingly, the interior area is flooded periodically from runoff 
originating in the interior area due to overflow of the collection channels as 
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well as from the blockage of flow from the gravity outlet because of the oc- 
currence of high river stages for long durations. The particular problem 
selected in this example is a determination of the optimum pumping capacity 
that should be installed in order to relieve flooding of the interior area. 


Description of Area 


The area is drained principally by two creeks, although the respective 
drainage boundaries are not clearly defined and in several places they are in- 
terconnected by small sloughs and minor drains. The principal channels are 
generally well defined, although meandering and conjested. The banks are 
covered with a dense growth of trees and in many places, there is consider- 
able growth in the channel. The tributary area is about 12 miles in length 
and 4 miles in average width for a total drainage area of 48.7 square miles, 
or 31,170 acres. The land has a general slope of about 1-1/2 feet per mile 
from north to south although the area along the levee on the west is somewhat 
higher than that near the drainage divide on the east. 

Agriculture is the principal industry in the area and the principal crops 
grown, in the order of importance, are cotton, rice, corn, and soybeans. Ap- 
proximately 1/6 of the total area is subject to frequent flooding from interior 
runoff, although only a small portion of the flooded area has been cleared for 
cultivation purposes. The land is generally fertile and when crops are pro- 
tected from flooding, with adequate drainage to prevent waterlogging of the 
land, good crops can be produced. 


Plan of Improvement 


The plan of improvement proposed for the interior area consists of chan- 
nel clearing and improvements, with connecting channel between the two 
creeks, for conveyance of flows to the proposed pumping station that would be 
located near the gravity outlet for the second creek. Separate studies have 
shown that a single pumping station with the connecting channel is more eco- 
nomical than two pumping stations to serve the same purpose. Accordingly, 
studies leading to the selection of the pumping capacity that should be in- 
stalled are predicted on the assumption that the interior collection channels 
are in place. 

The interior area to be served by the proposed pumping station contains 
sloughs and low swampy areas wherein it is feasible to impound runoff tem- 
porarily as a supplement to the capacity requirements of the pumping station. 
Storage capacities in the area were determined from contour maps prepared 
from field surveys and are shown on Figure 1. The area-elevation relation 
in the interior area also is shown on Figure 1, with a separate curve to indi- 
cate the cleared area that would be inundated by ponding to various levels. 


Duration and Frequency of Flooding 


The first step was a study of the record of river stages to determine the 
probable frequency of occurrence and the duration of river stages causing 
damages in the interior area. Elevation 204.5, which would cause appreciable 
flooding in the interior area (320 acres of cleared land and total area of 3600 
acres) was arbitrarily selected as an index for the river stage analysis. Dur- 
ing the 23-year period of record there were 57 separate occurrences, when 
river stages exceeded elevation 204.5, indicating an average frequency of 
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occurrence of about 2-1/2 times each year. This in itself does not constitute 
a complete appraisal of the problem since flooding which occurs outside of 
the normal crop season is of little consequence in causing damages. It was 
found that the longest consecutive period during which the stage exceeded 
elevation 204.5 was 146 days and extended from February to August, 
inclusive. 

In order to reflect the seasonal occurrences of flood stages (above eleva- 
tion 204.5) the percent of time was determined by monthly periods. The fol- 
lowing tabulation shows by months the total number of days during the 23- 
year period when flood stage was exceeded and the percent of time of flooding 
on the basis of an average month and an average year. 


Total Average Total Average 
Month No. Days No. Days % Time Month No. Days No. Days % Time 


Jan 142 6.2 20.0 : Jul 131 5.7 18.1 
Feb 240 10.4 37.2 : Aug 72 3.1 10.0 
Mar 266 11.6 37.4 : Sep 7 0.3 1.0 
Apr 292 12.7 42.4 : Oct 25 oe | 
May 291 12.6 40.6 : Nov 29 1.3 
247 10.7 Bec 1.0 
YEAR 1766 6.7 


The above tabulation shows significant percentages during the first 8 
months of the year and indicates the probability of serious interference with 
agricultural operations during the planting period. Obviously, floods occur- 
ring as late as July, with the time required for drainage and drying out of the 
land prior to cultivation and planting, would obviate the production of a crop 
for the year. Accordingly, it was concluded that it would be rational to base 
the determination of pumping capacity requirements on an all-season type of 
rainfall occurrence and on the assumption of no utilization of gravity outlet 
capacity during periods when river stages are sufficiently low to permit 
gravity discharge or runoff. In other words, the all-season rainfall rate and 
amount is assumed to occur coincidentally with river stages that would block 
gravity drainage and place full dependence on the pumping facilities to control 
the ponding levels in the interior area. 


Rainfall Relations 


Rainfall depths and rates to be used in the design analysis should conform 
to the hydrologic characteristics of the area under consideration. Since the 
drainage area tributary to the proposed pumping station is flat, a long time 
would be required for the concentration of runoff. This, coupled with the 
utilization of ponding in the interior area and the long duration of river stages 
which would block gravity drainage, indicates that an extended rainfall dura- 
tion would be representative of the actual operating conditions of the proposed 
station. 

Generalized relations showing the depth of rainfall occurring in different 
periods of time, and with various frequencies of occurrence, have been 
developed by Yarnell.2 These relations show depths for maximum durations 


2. David L. Yarnell, “Rainfall Intensity— Frequency Data,” U. S. Dept. of 
Agriculture, Mscl. Pub. No. 204, August 1935. 
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up to 24-hours. Studies by the Miami Conservancy District3 show general- 
ized relations between rainfall depth and frequency for duration from 1 to 6 
days. However, these rainfall depths are based on the actual recorded 
amount at the time of daily observation and are not indicative of the maximum 
rainfall occurring in the specified time interval, irrespective of time of ob- 
servation. Since the Yarnell rainfall data are based on clock-hour amounts, 
it is necessary only to establish a correlation between the 24-hour values of 
these data and the one-day values of the Miami Conservancy District for dif- 
ferent frequencies of occurrence, in order to extrapolate the Yarnell rainfall 
to the longer durations. 

This correlation was established by plotting the Miami Conservancy Dis- 
trict rainfall depths at the selected geographical location, for various fre- 
quencies of occurrence, against the duration in days. The resulting graphs 
for frequencies of 15, 25, and 50 years are shown on Figure 2A. The average 
slope of the lines on a logarithmic plotting are shown to be 0.3. The variation 
in depth of rainfall with duration of time may be expressed in exponential 
form as P = KT® in which the exponent “n” would have a value of 0.3, or 
equivalent to the average slope of the line as previously determined. In this 
relation “P” would indicate the depth of rainfall in inches for the selected 
duration of time, “K” equals the 1-day depth of rainfall in inches, and “T” is 
equal to the duration of rainfall in days. It is assumed that the variation of 
rainfall depth with time, as computed from the Miami Conservancy District 
data, is applicable to the Yarnell rainfall and may be used for extrapolating 
the depths of rainfall for durations between 1 and 6 days that are comparable 
to clock-hour observations. 

The relation between rainfall depth for durations of 1 to 6 days and fre- 
quency of occurrence are shown on Figure 2B. The relation for curve labeled 
“24 hours” is a plotting of Yarnell data for the selected location. The curves 
for durations of 2 to 6 days, inclusive, were computed from the formula 
P = KT®, It is to be noted that the Yarnell rainfall depths (24 hours) for 15 
and 25 years frequency are about 10 percent greater than the corresponding 
depths shown by the Miami Conservancy District data. In this particular 
comparison, this is an indication of the difference in rainfall depths between 
daily amounts measured at a specific time of observation and the maximum 
24-hour amount without respect to a clock time for beginning or ending. The 
rainfall depths shown on Figure 2B are representative of depths recorded at a 


point although they are taken as an average value over the tributary drainage 
area in the design studies. 


Computation of Runoff 


The unit hydrograph method of estimating runoff was selected for use in 
this study. Since observed discharge records were not available it was neces- 
sary to resort to synthetic procedures in accordance with methods developed 
by Snyder.4 A unit hydrograph, representative of runoff concentration from 
the tributary drainage area, was computed and adjusted to a unit rainfall 
period of 24-hours. The runoff distribution was expressed as a percent of 


total runoff occurring in the unit-time period for convenience in computation 
of the hydrograph. 


3. “Storm Rainfall of Eastern United States,” Miami Conservancy District, 
Dayton, Ohio, 1936. 


4. F. F. Snyder, “Synthetic Unit Hydrographs,” Transactions, American Geo- 
physical Union, Part I, 1938. 
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Rainfall amounts for different frequencies and for daily durations up to 6 
days was selected from Figure 2B. Accumulated runoff for rainfall of vari- 
ous frequency of occurrence was computed by application of the unit hydro- 
graph. Mass curves of runoff for selected frequencies from 1 year to 100 

years are shown on Figure 3A. These relations are considered representa- 


tive of runoff from the total drainage area and are taken as equivalent to in- 
flow into the ponding storage. 


Pumping Rate Vs. Storage 


A graphical procedure was used to determine the relation between pumping 
rate and storage for different magnitudes of storm runoff. This was accom- 
plished by assuming various pumping rates, expressed in inches per day, and 
drawing these lines tangent to the mass runoff curves of Figure 3A. The 
maximum storage, in inches depth on the drainage area, required to supple- 
ment the assumed pumping rate was scaled from the graph. Results are 
shown on Figure 3B, where pumping rate is related to storage for the differ- 
ent magnitudes of storm runoff as indicated by its frequency of occurrence. 
The relation between frequency of use of storage, expressed as percent 
chance of occurrence, and maximum storage utilized for various rates of 
pumping, are plotted on Figure 4A. These data are derived from Figure 3B. 
Determination of the area under each of the pump rate parameters of Figure 


4A, gives the relation between pumping rate and maximum storage that would 
be used annually as shown on Figure 4B. 


Pumping Rate Vs. Area Benefited 


Figure 5A shows the relation between pumping rate and the area benefited 
on an average annual basis as derived from data on Figures 4B and 1. The 
total area is broken down to show the cleared area in accordance with the re- 
spective curves of Figure 1. The area benefited curves of Figure 5A are de- 
. rived by subtracting the area flooded with the different pumping rates from 

the total area that would be flooded without pumping, as shown in Table 1. 


Pumping Station Costs 


The estimates of cost for construction and operation of pumping facilities 
are based on experiences for a number of similar type stations. Analysis of 
the first costs of construction of a number of stations having various installed 
capacities permitted the derivation of a unit cost of construction expressed as 
cost per cubic foot per second of installed capacity. This analysis also 
showed that the breakdown of construction cost, on an average, amounted to 
about 75% for equipment and 25% for the structure. This breakdown was de- 
sired since the life of equipment items normally is taken as 25 years whereas 
the structure is taken as 50 years and annual charges should include costs for 
equipment replacement during the 50 year life of the structure. 

Details of the computations are shown in Table 2. The pumping rate in 
inches per day is converted to cubic feet per second for the total drainage 
area of 48.7 square miles. First costs, per unit of cfs, were taken from the 
analysis previously referred to and shows costs varying from $1520 per cfs 
for an installation of 134 cfs capacity to $1000 per cfs for a station capacity 
of 1070 cfs. The equipment costs are taken as 75 percent of the total station 
costs, also on the basis of the analysis of pumping station costs. The equip- 
ment replacement costs would be incurred 25 years hence and it was assumed 
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TABLE 1 


AREA BENEFITED BY PUMPING 


Maximum Maximum Area Maximum Area 
Pumping Storage Used Maxinum Flooded Annually Benefited Annually 


Rate Anmually Sump (Acres) (Acres) 
n./Day) (inches) Elevation Cleared Tot Cleared To 


rwnro 


ooooo°co°o 


TABLE 2 


ANNUAL PUMPING COSTS 


Pumping Rate (ins/day) 0.1 0.2 0.5 0.8 
Pumping Rate (cfs) 134 268 670 1,070 
First Cost (per cfs) $1,520 $1,400 $1,165 $1,000 


First Cost (total) $20), ,000 $375,000 $1,070,000 


Equipment Cost @ 75% 282,000 803,000 
Projected Equip. Cost @ 75% 115,000 212,000 440,000 602,000 
Present worth of Equip. Cost 

(25 yr. @ 22% 62,000 11; 000 238,000 324,000 


Annual Charges 
Interest & Amortization (23% for 50 yrs) 


First Cost 7,180 13,200 27,500 37,700 
Equipment Replacement 2,180 4,010 8,00 11,00 
Oper. & Maint. 10,60 


Total Annual Charges $20 ,000 
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8.38 207.20 1950 7750 
6.53 206.55 1,00 6700 550 1050 
4.90 205.90 960 5680 990 2070 
3.70 205.24 650 4640 1300 310 
2.65 204.60 380 3700 1570 4050 
1.75 203.91 190 2820 1760 4930 
1.12 203.22 100 2100 1850 5650 
0.80 202.75 Re) 1630 1910 6120 
0.51 202.30 fe) 1230 1950 6520 
$30 , 200 $5,800 $70,000 
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that costs at that time would be only 75 percent of the current level. The 
present worth of the projected equipment replacement costs was computed on 
the basis of an annuity taken at 2-1/2 percent interest for the 25 year period. 
The annual charges for the first costs and the equipment replacement costs 
were computed as a sinking fund assuming 2-1/2 percent interest for 50 
years which provides for the complete amortization of the investment at the 
end of its useful life. Pumping station operation and maintenance costs are 
based on estimated charges for maintenance of the station, fuel costs, and 
operating personnel costs during the period of station operation. The total 
annual charges as computed in Table 2 are plotted on Figure 5B with respect 
to the pumping rate expressed in inches per day. 


Cost of Pumping per Acre Benefited 


The costs of various sizes of pumping installations and the area benefited 
are related through the common factor of pumping rate and are shown on 
Figure 5C. Computation is shown in Table 3. When taken with respect to the 
total area served, the least cost per acre would occur for a pumping rate of 
0.6 to 0.8 inch per day and amount to $10.70 per acre. When only the existing 
cleared area is considered, the minimum cost would amount to $30.50 per 
acre and would result with an installed capacity of 0.2 to 0.4 inch per day. 

Inasmuch as the cleared area is taken as that now existing, without an 
allowance for new lands which in all probability would be cleared and brought 
into agricultural production, the optimum capacity to be installed would lie at 
some point intermediate between 0.2 and 0.8 inch per day, the exact rate be- 
ing dependent upon the assumption of the amount of additional cleared area. 

It should be noted that the pumping costs shown on Figure 5C and in Table 3 
are the estimated costs of various pumping installations expressed in terms 
of cost per acre benefited and do not take into account the benefits that would 
result from the installed pumping capacity. Obviously, to be considered as 
economically justified the anticipated benefits for a station of selected capaci- 
ty must be at least equal to the station costs. 


Sump Storage and the Duration of Flooding 


The foregoing analysis shows the relation between pumping rate and stor- 
age with respect to the areal extent of flooding in the interior area that would 
be served by the proposed pumping station, but without consideration of the 
time that areas inundated by the sump storage would be flooded. In order to 
evaluate the duration of flooding it is necessary to select the operating sump 
levels. It is believed that a range in sump level of about 4 feet would be de- 
sirable, on the basis of a practical consideration of the flexibility of control 
of the sump level through operation of individual pump units in the proposed 
station. Since there is essentially no flooding at elevation 200, as shown by 
the area curves of Figure 1A, the maximum operating sump level with pro- 
vision of a 4 foot range in stage would be established at elevation 204. 


Pumping Rate Vs. Duration 


The mass runoff curves shown on Figure 3A together with the pumping 
rates assumed for definition of the relations between pumping and storage 
(Figure 3B) were used to determine the time in days that the sump level would 
be above elevation 204. This was determined by a graphical procedure in 
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TABLE 


PUMPING COST PER ACRE BENEFITED 


Maximun Area 
benefited annually Cost per acre 


(Acres) 
Cleared Total 


1050 
1580 
2070 
2600 
3110 
3620 
4050 
4930 
5650 
6150 
6520 


Vr 
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TABLE 4 


PUMPING COST Pi DAY REDUCTION 
IN DURATION OF FLOODING 


Reduction in 
Annual Annual Duration Pumping Cost of 
Pumping Duration Above El. 20 by Additional Capacity 
Rate Above El. 20 Addl Pumping (Per Day Reduction 


(in./Day) (Days) Capacity (Days in Duration) 


$2290 
1290 
130 
1560 
1730 
2180 
2810 
3060 
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Pumping 
Rate Pumping benefited 
(in./Day) Cost Cleared Total 
550 $20,000 $36.40 $19.00 
780 25,600 32.80 16.20 
990 30,200 30.50 11.60 
|| 1150 35,100 30.50 13.50 
1300 39,600 30.50 12.70 
1440 43,900 3.50 12.10 
1560 47,500 30.50 11.70 
1760 54,800 31.10 11.10 
1850 60,500 32.70 10.70 
1910 65,600 34.40 10.70 
1950 70,900 35.90 10.70 
|_| 
$30,200 
35,100 4,900 
39 ,600 9,400 
43,900 13,700 
47,500 17,300 
54,800 2,,600 
60,500 30,300 
65,600 35,00 
70,000 39,800 
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which the storage available to elevation 204 (1.85 inches depth) was added to 
each of the pumping rate lines, for different magnitudes of runoff, to estab- 
lish the time when the sump level first reached elevation 204 and when it 
receded to this level. The interval of time between these determinations is 
the duration with which elevation 204 would be exceeded for each specific 
magnitude of runoff and each assumed pumping rate. In some instances the 
sump level would not recede to elevation 204 until after the 12-day runoff 
period so that it was assumed that each runoff occurrence was a separate 
and complete event and that there would be no additional runoff after the 12th 
day. This assumption is not fully valid since it is likely that there would be a 
contribution from ground water or by seepage from the river through the 
levee system which would tend to show a greater duration for the smaller 
pumping rates. However, the results obtained from the analysis of the dura- 
tion factor are considered to be reasonably representative. 

The relation between the duration of sump stages exceeding elevation 204 
and pump rate, for different frequencies of runoff occurrence, are shown on 
Figure 6A. Replotting of these data as in Figure 6B, shows the relation be- 
tween duration and the percent chance of occurrence with pumping rate as a 
parameter. Integration of the area under each of the pumping rate curves of 
Figure 6B determines the relation between the average annual duration of the 
sump level above elevation 204 and pumping rate, which is shown on Figure 
6C. The relation of average annual values of duration to various pumping 
rates shown on Figure 6C are comparable to the variations with respect to 
storage shown on Figure 4B. 


Cost of Pumping for Reduction in Duration of Flooding 


In order to evaluate, in terms of pumping cost, the reduction in duration of 
flooding that would be effected by installation of increased pumping capacity, 
computation has been made on an incremental basis with respect to a pumping 
rate of 0.2 inch per day. This rate was selected as being about the minimum 
for which a reasonably accurate estimate of the duration of flooding above 
elevation 204 could be made. Details of the computation are shown in Table 4 
and the results are plotted on Figure 7A. The minimum pumping costs would 
obtain for a pumping rate of 0.25 inch per day, amounting to $1290 for each 
day of reduction in the duration of flooding. 


Cost of Pumping—Considering Duration and Extent of Flooding 


The evaluation of pumping costs with respect to installation of different 
pumping capacities, as pointed out in preceding paragraphs, have been made 
considering the supplementing of pumping capacity by sump storage as ex- 
pressed by the areal extent of flooding in the protected area. Analysis also 
was made to show the value of pumping cost with respect to the duration with 
which the interior area would be flooded by sump storage. The optimum 
evaluation would combine these two factors, area flooded and duration of 
flooding, in order to arrive at a logical basis for selection of the design pump- 
ing capacity to be installed. 

The basic data developed in the separate analysis have been utilized to 
make this evaluation through the combination of the two factors into a single 
factor, which is expressed as an “acre-day” unit. By associating the time 
that flooding occurs to the area flooded through the common medium of pump- 
ing rate, for the same hydrologic conditions, the unit “acre-day” is derived. 
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This unit has essentially the same connotation as does “gallons per day” or 
“second-foot-day.” The value of the “acre-day” unit is determined by multi- 
plying the area in acres that is flooded by the time in days during which this 
same area is flooded, both units being measured under comparable hydrologic 
conditions. 

Details of the computation are shown in Table 5 and the results are shown 
graphically in Figure 7B. It is to be noted that the minimum pumping costs 
occur with a pumping rate of 0.25 inch per day for both the cleared and total 
areas. This determination of pumping rate compares to a range of 0.6 inch 


per day when only the extent of the area benefited is considered (Figure 5C 
and Table 3). 


Economic Justification 


A detailed analysis of the benefits that would accrue to the proposed pump- 
ing installation has not been made since such analysis, in addition to an evalu- 
ation of the benefits of the total project, would require that a determination be 
made of the benefits properly allocable to major features of work such as 
channel improvements, on-the-farm drainage, and to pumping. This type of 
analysis is beyond the scope of this paper although it is a necessary part of 
project formulation. Likewise, some evaluation of the benefits that are at- 
tributable to the proposed pumping installation should be made in order to 
compare benefits with costs and thereby determine an economic ratio. 

An approximate evaluation of the benefits will serve to indicate the rela- 
tive merits of the proposed pumping station when considered with respect to 
various installed capacities that are taken as incremental to some base 
capacity. In the final analysis, it is the benefits produced by a given cost, 
rather than a determination of the minimum costs per unit of pumping capaci- 
ty, which should be the controlling factor in selecting the capacity of the 
plant to be installed. 

In order to approximate the benefits accruing to the pumping installation, 
an arbitrary value has been assumed for illustrative purposes, which is 
based on a percentage of the capital value of the protected land. Cleared 
land located outside the sump area which has been developed for agricultural 
crops has an average value of about $150 per acre and it is assumed that this 
capital value also applies to the cleared land affected by sump storage. Ac- 
cordingly, it is arbitrarily assumed, for purposes of illustration, that the net 
annual benefit accruing to the lands located in the sump area of the proposed 
pumping installation would be equal to one percent of the capital value of the 
cleared lands. This value of benefit is considered applicable to reduction in 
flooding as measured in terms of acre-days, and would amount to $1.50 on the 
cleared land for reduction of each acre-day of flooding. 

The computation of benefit-cost ratios for the benefit evaluation as indi- 
cated above, on the basis of additional pumping capacity above 0.2 inch per 
day, is shown in Table 6. The reduction in acre-days of flooding as well as 
the pumping costs are taken from Table 5, with evaluation of the annual bene- 
fit at the rate of $1.50 per acre-day. The increment of pumping capacity 
from 0.2 to 0.25 inch per day shows the highest benefit-cost ratio of 1.57, 
whereas, the second capacity increment of 0.05 inch per day shows a ratio of 
1.38. The assumed benefit evaluation shows that the maximum return on the 
investment would be realized with a station having an installed capacity of 


0.25 inch per day, although a station capacity up to about 0.4 inch per day 
would be economically justified. 
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Recommended Capacity 


The preceding analysis indicates a preference for the installation of a 
pumping capacity of 0.25 inch per day as shown in Table 5 and on Figure 7B. 

When consideration is given to the extent of flooding in the sump area only, 
and the area that would be benefited by pumping, the indicated range of pump- 
ing rate is from 0.2 inch per day for cleared area to 0.8 inch per day for the 
total area as shown in Table 3. Inasmuch as the cleared area considered in 
this analysis is that now existing, and without consideration of the additional 
lands that will be cleared and brought into agricultural production after pump- 
ing facilities are installed, it is believed that the lower pumping rate of 0.2 
inch per day would be on the low side. It will be noted by reference to Figure 
5C that if a straight line is drawn between pumping rates of 0.2 and 0.8 inch 
per day, for the cleared and total areas, respectively, the approximate mid- 
point of this line lies at a pumping rate of about 0.5 inch per day. Based only 
on the extent of area benefited, a pumping rate selected in this manner would 
be consistent with the assumption that 50 percent of the lands now available 
for clearing would be brought into agricultural production. However, other 
considerations are involved and weight must be given to the duration with 
which lands in the sump area would be inundated with different installed 
pumping rates. 

The results of evaluation of pumping cosis in terms of additional pumping 
capacity greater than 0.2 inch per day are shown in Table 4 and on Figure 7A. 
The first increment of 0.05 inch per day above the assumed base rate of 0.20 
inch per day shows a decrease in annual pumping costs from $2290 to $1290 
per day reduction in duration so that the most economical pumping rate is in- 
dicated to be 0.25 inch per day. The duration of flooding, the same as the ex- 
tent of area benefited, is only one of the criteria involved and this factor 
must be properly weighed in the final determination. 

It is believed that the analysis previously described, utilizing the unit 
“acre-day” as a measure of the value of the area flooded and the time during 
which this same area is flooded, is a proper weighing of these two important 
factors. Table 5 and Figure 7B show the optimum pumping rate to be 0.25 
inch per day for both the cleared and total areas so that an assumption as to 
the amount of additional lands that would be brought into production by the 
pumping facilities is not of major importance in making the final selection. 

One of the basic assumptions upon which the hydrologic analysis is predi- 
cated is that all runoff originating in the tributary area would have to be 
pumped and that there would be no discharge of water by gravity flow. It was 
recognized that this assumption was not strictly true since it is likely that 
river stages will permit some gravity discharge of water. No attempt has 
been made to evaluate the gravity flow in terms of savings in pumping cost, 
but it appears that such consideration would indicate a somewhat lower value 
in the range of pumping rates. It is considered that the reduction in pumping 
capacity would not be great so that a pumping rate of 0.25 inch per day is in- 
dicated. Since the drainage area to be served is 48.7 square miles, a rate of 


0.25 inch per day is equivalent to about 330 cubic feet per second or about 
150,000 gallons per minute. 


Recommended Sump Levels 


The maximum sump level considered desirable for normal pump operation 
would depend upon the anticipated land use at various elevation and the extent 
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of flooding. Since the general level of the land in the vicinity of the proposed 
pumping station is about elevation 205, it is desirable that this level not be 
exceeded too frequently during the crop season. The minimum sump level 
would be controlled primarily by the drawdown required to permit satisfac- 
tory drainage and yet prevent the waterlogging of the land by a high water 
table. A level as low as elevation 201 may be found desirable although it ap- 
pears doubtful that it would be much lower than elevation 202. If the mini- 
mum level is taken at elevation 201 and the maximum at elevation 205, a 
range of 4 feet would obtain and 3.15 inches of storage would be available to 
supplement the pumping capacity (Figure 1B). 

By reference to Figure 3B, it will be noted that a pumping rate of 0.25 
inch per day with use of 3.15 inches of storage would accommodate a rainfall 
occurring with a frequency of about once in 3 years. If the maximum sump 
level is taken at elevation 204, and the minimum at elevation 201, the storage 
available would be 1.75 inches and the frequency of rainfall occurrence about 
once each year. An operating level below elevation 205 is considered prefer- 
able so that the maximum sump is set at elevation 204.5, thus providing 2.4 
inches of storage above elevation 201, which would accommodate a rainfall 
occurring with an average frequency of about once in two years. The maxi- 
mum sump level of elevation 204.5 would be exceeded upon the occurrence of 
storms of large magnitude since Figure 4B shows that 4.3 inches of storage 
would be required with a pumping rate of 0.25 inch per day to hold the maxi- 
mum sunip level to this elevation on a long-term average annual basis. 


General Application 


The method of hydrologic analysis presented in preceding paragraphs for 
the illustrative example is considered to be generally applicable to any geo- 
graphical region for which the required basic rainfall and runoff data are 
available. This area would cover the portion of the United States east of the 
Rocky Mountains for which Yarnell and Miami Conservancy District rainfall 
data are published. Rainfall data pertinent to localized areas are equally 
applicable. 

The availability of gaged runoff and rainfall data is not essential, and as a 
general rule such data are not available in published records for areas likely 
to be considered for drainage design, although this information would be of 
material assistance in determining the rainfall losses, and the distribution 
and concentration of runoff. River stage data are required to determine the 
frequency and duration of flooding at the proposed installation and for deter- 
mination of the applicability of all-season rainfall rates, or seasonal rainfall 
rates occurring either independently or coincidentally with a particular river 
level. Stage data are not necessarily required at the location of the drainage 
study but should be available at some point in a reach of river to permit the 
transfer of data by stage or discharge relationships to the site of the area 
under consideration. 

The method of economic analysis used for determining the relation be- 
tween pumping costs for different pumping capacities and the cost of pumping 
measured in terms of areal extent and duration of flooding by sump storage 
is believed to be equally applicable to a variety of proposed pumping installa- 
tions. This method of analysis can be used in instances where sump storage 
is not available, in which event only the peak runoff rate and the maximum 
pumping rate required to prevent ponding need be determined. Consequently, 


ta 
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TABLE 6 


BENEFIT-COST RATIOS FOR 
ADDITIONAL PUMPING CAPACITY 
ABOVE 0.2 INCH PER DAY 


Reduction of Annual benefits Annual 

flooding on of addl. Pumping 
Pumping cleared area capacity Cost of Benefit 
Rate by addl. cap. @$1.50 per Additional cost 
(in/day) (acre-days) acre-day Capacity _ Ratio 
0.2 6) 
0.25 5,180 7,700 4,900 1.57 
0.3 8,670 13,000 9,400 1.38 
0.35 10,500 15,700 13,700 1.1) 
0.4 11,80 17,200 17, 300 0.99 
0.5 12, 31,0 18,500 0.7 


relations would be established with respect to peak pumping rate and fre- 
quency without consideration of the volume of total runoff or the volume of 
storage required to supplement the pumping capacity. 

Because of the size of area considered in the illustrative example and the 
time of concentration of runoff from the tributary drainage area, a rainfall 
and runoff rate for a period of a day was considered applicable. If the area 
under consideration is small, or the time of concentration of runoff from the 
area is rapid, a unit time period suitable to the particular problem at hand, 
measured in hours or a fraction thereof, can be utilized. The economic 
evaluation of the duration of flooding in cases where only peak runoff rates 
are considered would be measured with respect to elevation through the 
stage-discharge curve rather than through the stage-storage relation. 
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SYNOPSIS 


Irrigation, drainage, and climatology are combined under professional 
corporate management of an engineer-agronomist-climatologist type to 
greatly increase profits on large holdings of flat humid lands. A pioneering 
development in the Mississippi River Delta is described. Phenology and 


operations research play important parts. Many incidental benefits will be 
realized. 


INTRODUCTION 


It is the purpose of this paper to describe briefly a new comprehensive 
program for raising living standards by permanently doubling or more the 
agricultural yields from flat humid lands, particularly parts of the 23,000,000 
acres in the Mississippi River Delta between Cape Girardeau, Missouri and 
the Gulf, under professional corporate management of an engineer- 
agronomist-climatologist type for which civil engineers are especially 
needed. 

This will be accomplished by bringing together and synthesizing the many 
independent and applicable but generally unknown and specialized develop- 
ments of recent years for attaining low-cost production under the most 
modern professional management that has been adapted to large-scale agri- 
culture. The ground will be smoothed and sloped to perfect planes to permit 
ideal moisture control through surface drainage and irrigation; and bottle- 
necks in production, distribution, and finance will be located and removed by 
an “operations research” approach. 


Note: Discussion open until October 1, 1957. Paper 1253 is part of the copyrighted 
Journal of the Irrigation and Drainage Division of the American Society of Civil 
Engineers, Vol. 83, No. IR1, May, 1957. 


1. Presented to the American Society of Civil Engineers, February 19, 1957, 
at the National Spring Convention, Jackson, Mississippi, Irrigation and 
Drainage Section. 


2. Prof. Emeritus and Chairman, Dept. of Civ. Eng., Univ. of Missouri, 
Columbia, Mo. 
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A pioneering project will be described where this Program is under way. 
Initial and complete planning for new projects must be undertaken a con- 
siderable time before satisfactory results will be realized since this new cul- 
ture requires study and experimentation that cannot be undertaken hurriedly 
or piecemeal. 

With adequate promotion, Delta agriculture can quickly rival and ultimate- 
ly surpass that of other regions because of its greater alluvial acreage and 
because cheap water for irrigation is relatively inexhaustable here as con- 
trasted with the alarming shortage elsewhere. While the Delta can support a 
most intensive and profitable agriculture, it is currently producing only a 
fraction of that potential income and it cannot attain a generally prosperous 
destiny by existing methods. 

Analogously, fifty years ago California was becoming unprofitable as a 
grain producer under dry farming, with little irrigation or industry. Since 
then its agriculture has revived through irrigation, has overcome great dif- 
ficulties and failures that with caution can be avoided in the Delta, and has 
made a major contribution to the present generai productivity and prosperity 
of that State which now leads all others in agricultural income. Profiting 
from California’s costly experience and under modern professional manage- 
ment, this Program for the Delta can proceed more rapidly while avoiding 
the numerous pitfalls that were encountered there. An opportunity now 
exists here for irrigation and drainage development similar to that of the 
early arid West. 


The General Program 


With average annual rainfall of more than 50 inches and maximum rainfall 
of 80 inches per year, drainage has always been recognized as a primary 
problem for the Delta and very large main drainage systems were in opera- 
tion here about World War I. A decade later the federal government began 
perfecting the World’s best and most costly flood protection for this 
23,000,000 acres of alluvial land, more than exists throughout the rest of the 
United States. Although flood protection and main drainage are well advanced, 
surface drainage of fields has not kept pace with them. The latter “on farm” 
drainage under this Program will remove surplus water, prevent leaching of 
the soil, and facilitate early spring cultivation. 

On the other hand, a minimum annual rainfall of 25 inches and poorly dis- 
tributed summer rainfall in most years make irrigation mandatory here if 
optimum crops are to be raised. 

Surface drainage and irrigation for individual fields can now be combined 
in one grading operation at a reasonable cost. This entire Program has only 
recently become possible through combining the latest advances in engineer- 
ing, agronomy, climatology, phenology, professional management, and opera- 
tions research; and through the availability of efficient equipment for grading, 
ditching, subsoiling, cultivating, and pumping. 

Opportunely and historically, it is interesting to note that fifty years ago 
California attained part of its phenominal early growth by adopting the drain- 
age pumps then used in New Orleans. Reciprocally, the Delta should now 
adopt profitable ideas from California and elsewhere. 
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Perfected control of moisture attained through surface drainage and prop- 
erly scheduled irrigation (more adequately attained by using and supplement- 
ing rainfall rather than by attempting to replace it completely as in the arid 
West) now can keep the optimum amount of soil moisture available to the 
plants at the right time, not only that necessary to prevent drought damage. 
Hence the climate can be altered and stabilized in an optimum condition inso- 
far as moisture is concerned and this age-old major uncertainty in crop cul- 
ture prevented from further interfering with modern scientific management. 


Fertilizer 


The second major requirement (carefully prescribed nutrients or ferti- 
lizers provided at exactly the right time and often in the irrigation water) is 
on the way to solution through intensive soil testing checked by experiments 
and by daily quantitative observation and correction of plant growth as it oc- 
curs, all as described later in connection with Fig. 3. 


Other Problems 


With moisture and nutrients perfected and uniform, controlled full-size 
experiments become possible and other limiting factors can be better diag- 
nosed and corrected. Also, the planting and harvesting of optimum crops can 
be scheduled on any desired part of the growth curve of Fig. 3, described 
later, much as manufactured articles are perfected and scheduled through a 
factory, with optimum production and with all of the attendent managerial 
benefits. 

Of course, continuous attention under specialized advice must be given to 
improvement of fertilizers, strains, spacing of plants, culture, weed and pest 
control, defoliation, rotation, cultivation, mechanization, and the multitudi- 
nous details of good farm management. Agricultural experiment stations are 
continuing and expanding their research on these many details, in fact, great- 
ly enlarged programs are being proposed to specialize in Delta problems. 
However, so far as known, none of these stations have developed the basic, 


integrated, full-size Program described later in this paper and already 
under way. 


Production Measurement and Correction 


Most of these farm management problems can be handled more effectively 
where optimum uniform moisture and plant nutrients are maintained, plant 
growth is scientifically measured and plotted daily as on Fig. 3, and deficien- 
cies are corrected immediately as they occur. 

Waiting to diagnose and perfect farm practices until harvest is as useless 
as an autopsy where the patient died of a combination of diseases. Further- 
more, manufacturing could not prosper today without clever cost accounting. 
The use of Fig. 3 as referred to previously, and described later, could be 


called “production measurement and correction,” similar in effectiveness to 
cost accounting. 


First Steps 


The first organizational step in inaugurating a new project under this 
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Program is to adopt a professional corporate management approach that 
secures experienced advice, otherwise success will be almost impossible. 
Water supply and water rights are seldom a problem in the Delta. 

The first physical step and the physical foundation for any successful Pro- 
gram where surface drainage will be helpful is to “land-form” or “level” the 
land to proper size, shape, and slope under specialized civil engineering 
direction. The broad implications of the word “proper” are known at least 
partly to experienced developers but inexperienced men will seriously handi- 
cap, perhaps ruin, the project through fundamental errors in these matters. 
Furthermore, an intimate and experienced historical knowledge of the causes 
of past failures is essential if their repetition is to be avoided. 

Of course, sprinkling may be used where there are no drainage problems. 


Planning for the Future 


Along with establishment of basic surface drainage and irrigation and of 
reasonably satisfactory current production, professional management and 
operations research must study the overall policies best designed to meet the 
future. Although not listed in order of importance or in the order that they 
should be undertaken, these will include among others: 


1. Diversification of crops and labor so as to approximate profitable year- 
around production and employment. 

2. Producing and marketing organizations as in California and Florida. 

3. Consolidation of large land holdings, or a cooperative sharing of the ex- 
pense of research, advice, and recruiting and training of professional manage- 
ment personnel. 

4. Whether the organization shall continue operations as a single unit or 
shall split into several units under separate managers. Even more important, 
whether to lease or sell part of the improved large holdings to efficient opera- 
tors of “family-size” units. All of these types of organization were used in 
older irrigated regions and will become feasible in the Delta after the land 
has been surface drained, irrigated, and otherwise highly improved under pro- 
fessional management, but not before. 

It is not possible for the family-size owner or lessee to attain this ad- 
vanced type of culture by himself. The original large owner must provide him 
with a professional management viewpoint, expert advice, financing, and 
rented equipment. In this way a much more prosperous and desirable com- 
munity may be attained. 

5. Benefits to be obtained from federal subsidies and payments. 

6. Possible tax benefits. 

7. Modern corporate-type financing, using both short and long-term loans. 

8. The amount of acreage to be added each year. 

9. Establishment of community living centers for workers and managers. 
10. Adaptation to the further inevitable advances and changes that will occur. 


A Pioneering Project 
A description of procedure on an actual project will clarify and make 


definite the previous more general discussion. So far as is known, the first 
integration of these fundamental principles in the Delta began in the fall of 
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1954 at Weona Farms, Arkansas about 45 miles northwest of Memphis, 
Tennessee. From among several thousand acres of cotton, a 400-acre tract 
was selected which had a fall of less than a foot per mile, was drained by a 
large ditch, and was protected under federal flood control. The ground was 
“leveled” or “land-formed” to perfect planes, surface drained and irrigated, 
and planted to cotton in the summer of 1955. Most of the work was con- 
tracted, was fairly satisfactory but expensive, and much was learned while 
perfecting details. Practices that had been developed in Nebraska, Iowa, 
California, and New Jersey were imported and adapted to local conditions. 
Abundant water was pumped from inexpensive wells about 100 feet deep. 


Organization 


The overhead organization that was built up during the first year at Weona 
Farms may be considered as a minimum in numbers and qualifications; it 
would be unsafe to proceed with less since specialization, professional man- 
agement, and operations research all are involved. 

The part-owner and president exercised the function of professional man- 
agement from a distant Kansas City office, and his energetic and forward- 
looking approach has advanced the general Delta Program many years. 

Because of the recent advances made by him in theoretical and applied 
climatology and phenology (the relations between alterations in climate and 
the life and development of plants), an experienced doctor in the field of 
climatology was retained to advise in scheduling irrigation for optimum pro- 
duction, in scheduling planting and harvesting, in adapting plant physiology 
and culture to changed and optimum conditions, in establishing growth pat- 
terns, and the like. 

A very practical doctor of agronomy was placed in charge of local opera- 
tions. The writer advised regarding general policy, engineering, drainage, 
and irrigation. Soil specialists and others were called upon as needed. 


Second Year 


During 1955-56, and profiting from the experience on the first 400-acre 
tract, a second 400 acres was similarly developed but in a better and less 
expensive manner. Marr’s method of least squares was used to minimize 
grading and the irrigation distribution system was improved. The details at 
Weona Farms will be described now in connection with this second tract. 

Figure 1 shows typical topography at the south end of the 400-acre con- 
toured site, with its 100-foot grid system of elevations. 

Figure 2 shows the roadway, drainage, and irrigation systems as planned 
from a complete topographic map like Fig. 1 so as to give optimum size, 
shape and slope for each of the 23-acre to 34-acre units, each of which was 
graded to a perfect but different plane. 

Figure 3 shows a solid-line upper curve with the vertical scale reading 
downward on the left to give the deficiency of available soil water under irri- 
gation. Evaporation and transportation losses are plotted downward. Rain- 
fall and irrigation cause the curve to rise, often to zero which means a full 
soil reservoir. Irrigation was applied four times in 1956 at the dates indi- 
cated by the large black dots at the top of the chart. 
Without irrigation the curve follows the dotted position. 
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The lower part of Fig. 3 shows the possible growth curve in this locality 
when there is adequate water in the root zone. Really this is the curve of ac- 
cumulated transpiration with the directly proportional potential growth units 
reading upward on the right. Both upper and lower curves should be plotted 
daily. 

It will be noted on the cotton curve that the actual rate of growth of the 
cotton began to fall below its potential rate toward the middle of July 1956. 
Since considerable, although perhaps not optimum, moisture had been main- 
tained in the root zone, it is thought that the lack of quickly available fertiliz- 
er, delayed irrigation, and other matters at this critical time stunted the 
growth. This injury was not apparent on the plants for several weeks. 

From next year’s graph, when this leveling off in actual growth shows on 
the curve, and long before it is apparent on the plants, such remedial action 
as seems appropriate will be taken immediately by applying fertilizer in the 
irrigation water or otherwise, reducing weeds or pests, or whatever judg- 
ment dictates at that time. 


Third Year, Operations Research* 


Industry is constantly changing its operational procedures. Agriculture 
must do likewise and, additionally, operational change will be greatly acceler- 
ated under this Program. 

Therefore next year, 1956-57, an operations research attack at Weona 
Farms will be concentrated on removing production bottlenecks for the exist- 
ing 800 improved acres, without the distraction of planning and constructing 
new acreage, Through the use of this modern management tool, the long and 
disastrous growing pains that occurred in the arid West can be shortened and 
minimized. Every project will have different problems, often accentuated by 
the new culture. 

In the second year at Weona it was noted that comprehensive study should 
be given in improving the important practices of weed control, fertilization, 
phenology, and refinement of irrigation methods. To investigate these, the 
management has tentatively set up, among others, the following research 
Studies for the forthcoming season: 


1. Chemical weed control using both pre-emergence and post-emergence 
treatments. An interesting experiment will show whether post-emergence 
herbicidal oils can be “floated” onto a field on top of the irrigation water. 

2. Six different fertilizer treatments combining various amounts and tim- 
ing of applications. These treatments will be under daily phenological 
observation which will give useful data on both development and the serious 
problem of fruit-drop, as for example the dropping of cotton squares and 
bales. 

3. More intensive phenological observation. 
4. Varying irrigation treatments ranging from “dry” to “wet.” Since it is 


* This latest application of research to overall management is used by the 
Armed Forces and industry but seldom in agriculture. See Operations Re- 
search for Management, by McClosky and Trefethan, the Johns-Hopkins 
Univ. Press, 1954. See also a summary in Fortune Magazine for February 
1956. Both references give an agricultural example which partly explains 
the climatological basis for Fig. 3. 
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probable that development is proportional to transpiration and further that 
potential evapotranspiration occurs only at field capacity, one unit will be 
kept at or near field capacity throughout the growing season. The “floating” 
method mentioned in 1 above will be tried here since the field may be too wet 
for application equipment. 

5. More time this year (free from the construction problems accompany- 
ing the adding of new acreage) devoted to’ establishing future policies and ob- 
jectives, looking many years ahead. 


After these matters are under control, the expansion Program will be 
resumed. 


A NEW AND COMPLEX PROGRAM 


Because this new Delta Program involves the application of the latest con- 
ceptions of modern corporate professional management including operations 
research, organization, and the like; and recent engineering, agricultural, 
climatological and phenological developments—all necessarily adapted to a 
particular project with its own particular set of local conditions and objec- 
tives—it is obvious that both the general objectives and the varied details 
must be expertly established for each project separately and therefore are 
beyond the scope of a single paper. 

Such a Program should not be undertaken except with experienced advisers 
and a professional management that will persevere toward optimum present 
and future earnings. It must be carried out completely, not partially, under 
specialized any sympathetic personnel. Unless a project is to be wisely, 
comprehensively, and imaginatively approached, it would be better not to 
start. Common sense and common experience are not enough. 

Commercial, educational, and governmental agencies work mainly with 
the farmer or smaller operator. The larger corporate operator, for whom 
this Program is suggested, therefore must secure much of his advice and 
service from experienced consultants who have the more applicable corporate 
viewpoint and plan of attack. This is the “agribusiness” or agronomics of 


the future, not convential farming and not apt to be successful under conven- 
tional agencies and thinking. 


CONCLUSIONS 


A promising and profitable new basic Program is being developed under a 
special type of technical and professional management. It offers stable op- 
timum yields, low-cost production, high return on the investment, tax bene- 
fits, federal subsidy advantage, ability to diversify in using labor and by 
changing crops to meet changing markets and demands, and opportunity to 
consolidate or cooperate with other large holdings or to lease or sell parts of 
such improved holdings as trends in economics, politics, sociology, taxation, 
and personal inclination may dictate. 

In brief, it will provide for both the short-range and the long-range health 
of the undertaking, and the benefits will go far beyond a mere doubling of 
crops. Early developers may profit most. Expanding agriculture will supple- 
ment fast growing industry and will correct the downward population trend 
existing in much of the Delta with an upgraded population. 

In order to capitalize quickly and permanently its advantages of water, 
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climate, soil, location, labor, and ownerships that are large enough to justify 
modern professional management; large-scale agriculture in the Delta must 
adopt such a modern Program. Each plantation can change over to the Pro- 
gram either slowly or more rapidly as circumstances dictate, but at least a 
start should be made now since the altered culture necessitates study and 
experimentation over some years before the best results can be realized. 
Only through professional management of an engineer-agronomist- 
climatologist type can the prosperous plantations of the Old South quickly 
rise again. 
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Discussion of 
“METHODS OF DETERMINING CONSUMPTIVE USE 
OF WATER IN IRRIGATION” 


by R. D. Goodrich 
(Proc. Paper 884) 


R.. D. GOODRICH, ! M. ASCE.—The discussion of this paper brought out 
some points which should be made a matter of record at this time. Mr. R. J. 
Tipton, M. ASCE, called attention to the fact that the name of Ralph I. 
Meeker, M. ASCE, was omitted from the list of engineers who had made ef- 
fective use of the Inflow-Outflow Method for estimating the consumptive use 
of water on large areas. While a paper of this kind could not be an exhaustive 
treatise, further examination of the literature showed that Mr. Meeker has 
taken an active part in the study of problems relating to the consumptive use 
of water during his irrigation engineering practice in Colorado and Wyoming, 
and that he has served on committees of the Society dealing with these prob- 
lems. This oversight on the part of the writer was certainly not intentional 
and is very much regretted. (20) 

The pioneering work of Lowry and Johnson will always be recognized in 
any consumptive use studies. The labor involved in the original determina- 
tion of the factors necessary for the application of their method in a new and 
different area is also recognized. When consumptive use studies were con- 
ducted by the Engineering Advisory Committee for the Upper Colorado River 
Basin Compact Commission, Mr. H. P. Dugan of the Hydrology Branch of the 
Bureau of Reclamation, Denver offices, found that Mean Annual Temperatures 
correlated very closely with the unit consumptive use values found by Lowry 
and Johnson at 13 locations distributed over six Western States. The accom- 
panying diagram shows the result of this study. An approximate formula 


TEMPERATURE - CONSUMPTIVE-USE DIAGRAM 


Consumptive Use - Acre-ft per acre 


Mean Annual Temperature in degrees F 


1. Eng. Consultant, Upper Colorado River Comm., Grand Junction, Colo. 
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expressing the relation between T, the mean annual temperature in degrees 
Fahrenheit, and the average rate of consumptive use of water in acre feet per 
acre is: 


U = 1.69T - 0.42 


The figures on the diagram refer to the projects given in Table 1 of the 
Lowry-Johnson Paper (10). To show the distribution of the locations of these 
areas they are listed below. 


Valley State 


New Fork Wyoming 
Michigan and Illinois Colorado 
Southwest Area, San Luis Colorado 
West Tule Lake California 
Garland Division of 

Shoshone Project Wyoming 
North Platte Wyoming-Nebraska 
Mason Creek and Boise Idaho 
Uncompahgre Colorado 
Mesilla New Mexico-Texas 
Wagon Wheel Gap “A” Colorado 
East Fork of Trinity River Texas 
Cypress Creek Texas 
San Jacinto River Texas 


A report which “gives the results of studies on the correlation of some 
climatic measurements and the use of water by crops” was published by the 
California Agricultural Experiment Station at Davis, California, in the journal 
HILGARDIA dated December, 1955, was recently received and has been added 
as number (19) in the list of references in the Appendix. 

The authors* begin with a discussion of factors affecting transpiration and 
evaporation and state that they have limited their “studies to the amount of 
water taken from the soil by plant transpiration and to that evaporated direct- 
ly from the soil surface.” In other words, Soil Moisture Determinations have 
been used to obtain the measurements of consumptive use in the investiga- 
tions covered in their Report. The water consumptively used by various 
crops was correlated with the difference in evaporation as indicated by white 
bulb and black bulb Atmometers. Curves and tables are presented showing 
the results which were obtained. Table 3 in that report gives for seven dif- 
ferent crops, comparisons of the consumptive uses as measured by soil mois- 
ture sampling and uses computed by four methods. By the first three methods 
frequently used, the computed results average about 20% higher than by soil 
moisture sampling while by the method with Atmometer the results differ on 
the average by only 1.1% lower. 


* Dr. N. A. Halkias, member of the staff of the Ministry of Agriculture, 
Greece. He did special research in the Department of Irrigation, Univer- 
sity of California at Davis, during 1953-55; Dr. F. J. Veihmeyer, Professor 
of Irrigation, Emeritus, Experiment Station, Davis; A. H. Hendrickson, 
Pomologist in the Experiment Station, Davis. 
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Mr. Forester calls attention, in his discussion, to the fact that in the de- 
sign of the canals and laterals of the distribution system of a large irrigation 
project, the amount of water actually used by the crops cultivated may be one 
of the smaller items in the total capacity for which the main canal and diver- 
sion structures must be designed. Although this fact is well-known to irriga- 
tion engineers and is indicated indirectly in describing the use of Correlation 
Methods, it may be desirable that it be emphasized more than was done in the 
paper. Mr. Forester also discusses the Lowry-Johnson method of estimating 
the consumptive use of water by irrigated crops and offers some opinions 
concerning its practical application. 

Any engineer who is contemplating the use of the Lowry-Johnson proce- 
dures as an aid in applying integration in the Inflow-Outflow Method, might 
well consider Mr. Forester’s discussion in connection with the other discus- 
sions of that paper. 

The writer had no intention to recommend any one procedure in preference 
to others for the determination of the consumptive use of water in irrigation 
or to limit the use of such determinations to the design of irrigation projects. 
Although the design of irrigation projects is a very important element in the 
future development of the Upper Colorado River Basin, that is not a function 
of the Upper Colorado River Commission. Some of its engineering functions 
are indicated under the headings of Discussion and Conclusion at the end of 
the paper. 

Perhaps some explanation should be made for “refinements used in deter- 
mining approximate consumptive use values” in the engineering studies made 
by the Upper Colorado River Commission. First, as already pointed out, the 
determination of consumptive use values for this Commission is not for the 
purpose of “designing a typical gravity irrigation system” as Mr. Forester 
seems to have assumed. It is contemplated that these values will be used in 
connection with the administrative functions of the Commission. With an ap- 
proximate equivalent irrigated area of 2,000,000 acres in the Upper Colorado 
River Basin, and assuming an average unit consumptive use rate of one acre 
foot per acre, a difference of one-tenth of an acre foot more or less in the 
unit rate would mean a difference of 200,000 acre feet of water consumed. 
This may not seem important at the present time, but suppose that future 
development reaches an equivalent area of 6,000,000 acres. Whether the re- 
sulting stream depletion is only 5,400,000 or is 6,600,000 acre feet would be 
of real consequence to the States of the Upper Basin. 

No doubt much useful information not directly mentioned or referred to in 
this paper can be found in the bulletins of the Experiment Stations of Western 
Agricultural Colleges. 

The study of the material which was the basis for the paper and the dis- 
cussions which followed have led to the conclusion that research in the field 


of consumptive uses of water and the consequent man-made depletion of 
streams should be continued. 


REFERENCE 


20. Consumptive Use of Irrigation Water in Old Established Irrigated Areas 
Under Natural Or Artificial Drainage, by R. I. Meeker, Irrigation Engi- 

neer, Denver, August 12, 1924. Unpublished type written report on the 

consumptive use of water in the Rio Grande Basin. 


Discussion of 
“COST ALLOCATION FOR MULTI-PURPOSE WATER PROJECTS” 


by N. B. Bennett, Jr. 
(Proc. Paper 961) 


N. B. BENNETT, JR.,! A.M. ASCE.—The discussion of cost allocations on 
pages 1111-21 through 1111-27 emphasizes the dependence of cost allocation 
upon project formulation. The hypothetical example presented in Table I by 
Professor Hotes comprises an improperly formulated project because the 
total maximum allocations of $53,000,000 on line 2A are insufficient to cover 
the total project costs of $56,000,000 on line 7. This would have been more 
evident had item 2A been designated “justifiable expenditure” which is the 
maximum allocation assignable to a function. Professor Hotes correctly con- 
cludes that in such a case one function should be removed from the project or 
the project should be redesigned, rather than to reduce the costs allocated to 
each purpose to an amount less than the benefits for each purpose. The ne- 
cessity for such alteration of the project plan does not comprise a limitation 
or extension of the basic principle that “the maximum allocation to each pur- 
pose is its benefits or alternative single-purpose cost, whichever is less.” 
This principle is not intended to require an adjustment of the final step in the 
allocation process. 

The economic justification of segments and purposes of projects or units 
should be determined and tested in the process of project formulation. Cost 
allocation is not a device for testing the justifiability of segments or purposes; 
it is a means of distributing costs of a properly formulated and justifiable 
project, and should not be initiated until the formulation and justification have 
been completed. 

During project formulation, segments of a project are tested in terms of 
the relationship between separable costs and incremental benefits for the seg- 
ment under consideration. This process is not dependent upon the relation- 
ship of the total allocation to a particular purpose in comparison to the total 
benefits of that purpose. When the formulation process is properly carried 
out the situation illustrated by Professor Hotes could not happen. 

Separable costs used in the cost allocation process are derived under the 
assumption that each purpose in turn is the last increment of the project, 
whereas project formulation frequently depends on increments which serve 
parts of several purposes. For example, the last increment in project formu- 
lation may be an increase in the height of a dam, affecting power head, flood 
control capacity, and the amount of water for irrigation and municipal use. 
Thus, in project formulation a whole purpose of the final project is seldom a 
single increment. Because of this difference, some of the necessary data for 
estimating separable costs may be available in studies of plan formulation, 
but normally additional estimates are needed, and the treatment of an entire 
purpose as a last increment may not be fully compatible with the actual size 
and order of increments used in project formulation. 


1. Chief, Div. of Project Development, Bureau of Reclamation, U. S. Dept. of 
the Interior, Washington, D. C. 
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Professor Hotes observes that the mention of taxes foregone in Table I, 
page 961-6, is confusing. Inadvertently, the modifying phrase regarding 
taxes foregone was included in the brief description of the allocation steps. 
The inclusion of taxes foregone, however, as Professor Hotes correctly con- 
cludes, would yield approximately the same allocation results. The more 
significant effect of the use of taxes foregone, of course, occurs in benefit- 
cost analysis. 

Messrs. Johnson and Cocks propose that the remaining project or projects 
should be economically justified. Mr. Weber goes somewhat further and pro- 
poses that in certain cases at least, the remaining project should be the best 
available and the most economic. In most cases, where a project has been 
properly formulated, the remaining project will be economically justified. It 
is entirely conceivable, however, that instances will arise where this is not 
the case, particularly in a project with one prime function and one or more 
incidental functions, e.g., recreation and fish and wildlife. As the writer in- 
dicated in the initial paper under the heading of Remaining Project Costs, to 
find and use the most economical remaining project might disperse the pro- 
ject benefits to a point where separable costs would not be revealed and might 
well lead to illogical conclusions. Nevertheless the matter should be 
explored. 

Basically, the questions raised go to the concept of remaining costs while 
the writer believes emphasis should be upon concept of separable costs. For 
the present, at least, the writer is of the opinion that determination of remain- 
ing costs should be considered essentially as a statistical or mathematical 
device designed to provide a tool for distributing joint costs. To go further 
than this may be a refinement not warranted by the accuracy of other basic 
data. 

The report of May 1950 by the Subcommittee on Benefits and Costs, known 
as the “green book,” comprises the first word rather than the last word on 
the subjects of project formulation and separable costs. That document is 
now being revised to take advantage of some of the actual experience obtained 
during the last five years. It is hoped that the revision will result in sharper 
definitions and recognitions of numerous subtle differences encountered in 
actual analysis of multi-purpose water projects. Unresolved problems in- 
clude consideration of the relationship between the most economical and the 
most likely alternative, the difference between separable costs of an entire 
purpose and separable costs of parts of several purposes used in project 
formulation, the need for economic justification of the remaining project, 
whether separable costs for cost allocation should be traceable solely and 
clearly to a single purpose, whether separable costs should be confined to 
multi-purpose site, the treatment of intangible and incidental purposes, and 
the treatment of interest during construction and taxes foregone. 


| 
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Discussion of 
“SAFE YIELD IN GROUND-WATER DEVELOPMENT, 
REALITY OR ILLUSION?” 


by R. G. Kazmann 
(Proc. Paper 1103) 


C. L. MC GUINNESS.!—Mr. Kazmann is to be congratulated for his efforts 
which have resulted in his paper on safe yield. The writer agrees with much 
that he has to say about the difficulty of defining and applying the term “safe 
yield,” and about the need for intelligent engineering planning and legislation 
for achieving maximum utilization of the Nation’s ground-water reservoirs. 
It is impossible, however, to leave unchallenged his assumptions as to the at- 
titude of the Geological Survey on safe yield. 

The “standard” definition of safe yield used by the Geological Survey is 
that by Meinzer in Water-Supply Paper 494: “The term safe yield is em- 
ployed to designate the rate at which water can be withdrawn for human use 
without depleting the supply to such an extent that withdrawal at this rate is 
no longer economically feasible.” This definition was and is perfectly sound. 
It is incorrect to assume that the definition given in a 1949 report on south- 
central Kansas, carefully restricted for the purpose of that report, represents 
the Survey’s standard definition of the term; it is incorrect, therefore, to as- 
sume that economics is not considered, inasmuch as the term “economically 
feasible” appears in the standard definition. It is incorrect to assume that 
the Geological Survey considers the safe yield to be equal to the quantity of 
water flowing through an aquifer before water is first pumped from it. Most 
important, it is incorrect to assume that the “Federal Government has de- 
cided that for each ground-water basin there is a single, determinable figure 
which is the ‘safe yield’ of the basin. . .” No responsible member of the Geo- 
logical Survey, Meinzer least of all, has ever maintained that the safe yield 
of an aquifer is a fixed quantity. 

Perhaps as good a way as any to bring out the position of the Geological 
Survey on safe yield is to quote from Survey Circular 114, which publication 
is cited by Mr. Kazmann as demonstrating what he considers the Survey’s 


attitude toward safe yield as a fixed quantity. On page 59 is the following 
statement: 


“Each ground-water reservoir has a sustained yield to which it can be 
developed for human use. This quantity or feasible rate of withdrawal de- 
pends on the natural characteristics of the aquifer. ... It is not a fixed 
quantity; it depends importantly, too, on the way in which the develop- 
ments are made, for one distribution of wells and pumping may produce 

a total dependable yield vastly different from another, depending on the 
effect in increasing recharge and reducing natural discharge and on the 
overlapping of cones of depression.” 


. Chief, Technical Reports Section, Ground Water Branch, U. S. G. S., U. S. 
Dept. of the Interior, Washington, D. C. 
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Even though the term “sustained” is substituted for “safe,” the concept of 
safe yield is easily recognized. 

On pages 60-61 of Circular 114 is included the following statement, which 
employs a term coined by A. M. Piper of the Geological Survey: 


“Thus, considering both sustained yield and mining, we might adopt the 
concept of optimum yield—the rate at which it is found feasible and desir- 
able to withdraw water from an underground reservoir. We can regard 
each reservoir as raw material, which we can adapt for our uses as 
scientific investigation and thoughtful planning make it possible—even to 
the extent of exhausting stored water in aquifers having little replenish- 
ment, if we decide that the best interests of an area or of the Nation as a 
whole are thus served.” 


I hope that it has now been made clear that the Geological Survey never 
“has decided that for each ground-water basin there is a single, determinable 
figure which is the ‘safe yield’ of the basin... .” 


J. G. FERRIS. !—Although the author would prefer that it be spelled out in 
more detail, he recognizes that Meinzer’s definition” of the term “safe yield” 
is clear and concise. Mr. Kazmann’s principal concern relates to problems 
now arising because State legislatures and regulatory agencies, in applying 
the safe-yield concept to the problem of acquiring water rights, are handi- 
capped both by the paucity of geohydrologic studies and by the shortage of 
trained geohydrologists to inform these agencies on the complex interrela- 
tionships of the land and water resource. His comments on the importance 
and complexity of our national water problems flag the need for both acceler- 
ating and intensifying regional geohydrologic studies. 

Except for more detailed exposition of his views on water-rights legisla- 
tion, the author largely repeats his earlier paper? on the importance of aqui- 
fers in water-resource development. Reference to the earlier paper aids the 
reader in clarifying some of the points made in the present paper. In par- 
ticular, Mr. Kazmann is concerned about the incompatibility of decisions 
which he anticipates may be handed down by State regulatory agencies, be- 
cause he fears that if these agencies grant water rights on the basis of safe 
yield they will not be able te distinguish the woods from the trees. For illus- 
tration he refers to the functional relationship between the yield of a ground- 
water intake system and its distance from a perennial source of recharge. 
He points out that the perennial yield of a ground-water development would be 
very much smaller if an appropriator located a subsurface intake at a great 
distance from a line source of recharge such as a stream, whereas the same 
development would have a large yield if located immediately adjacent to the 
stream. Thus, he argues that the perennial yield of similar developments in 
the same aquifer may differ by several orders of magnitude and that because 


perennial yield is related to safe yield, the whole concept of safe yield is 
meaningless. 


1. Research Engr., Ground Water Branch, U. S. G. S., U. S. Dept. of the In- 
terior, Washington, D. C. 

2. Meinzer, O. E., 1923, Outline of ground-water hydrology, with definitions: 
U. S. Geol. Survey, Water-Supply Paper 494, p. 55. 

3. Kazmann, R. G., 1951, The role of aquifers in water supply: Am. Geophys. 
Union Trans., vol. 32, no. 2, April, p. 227-230. 
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As evidenced by his example, the author’s indiscriminate use of “peren- 
nial yield” and “safe yield” confuses the issue as he alternates between 
references to the safe yield of an aquifer or regional hydrologic unit and 
comments on the perennial yield of a single, isolated development therein. 
The safe yield of a ground-water reservoir is related not only to the trans- 
mission, storage, and filtration characteristics of the porous medium but to 
the overall and regional aspects of the total land and water resource. As to 
whether safe yield can be expressed quantitatively, we might refer to the op- 
timistic report of the author in an earlier publication,4 wherein he stated: 


“In the course of developing from a qualitative, descriptive science, 
ground water hydrology has reached the stage of as much a quantitative 
science as surface water hydrology, and probably is more susceptible of 
yielding reliable quantitative answers than is applied mechanics.” 


Although we share his enthusiasm, we are inclined to a more conservative 
outlook. 

Perhaps Mr. Kazmann is not aware that in application the States do not 
grant water rights strictly on the basis of safe yield. If estimates of safe 
yield are available they are uSed as a guide but the decision of State regula- 
tory agencies is based largely on their judgment as to the availability of un- 
appropriated water, is backed by experience, and is supported by continued 
observation of the regional trends that accompany development. Further- 
more, in arriving at their decisions, they are bound to protect vested rights 
to the extent set forth in law. Perhaps the author is also not aware of the 
marked uptrend in staffing by State water-resource agencies as they gear 
themselves to cope with the problems he notes. 


MEYER KRAMSKY,° A.M. ASCE.—The safe yield of a ground water basin 
is not a unique fixed quantity. Rather, it is a function of several independent 
variables, and its value is further dependent upon the parameters contained 
in the particular concept being utilized. The fallacy of ignoring this inherent 
variability of the safe yield concept, and neglecting to properly qualify spe- 
cific evaluations has been clearly demonstrated by the author. However, the 
author’s conclusion that “. . . every effort should be made by professionals 
in the field of hydrogeology to remove the concept of ‘safe yield’ from legis- 


lation, to eliminate it as an objective of ground water studies. . .” does not 
necessarily follow. 


Raymond Basin 


The Raymond Basin of California affords a good example of utilization of 
the safe yield concept to preserve a ground water reservoir as a firm source 
of water supply by reguiating extractions with due regard for existing rights. 
This basin, located at the base of the San Gabriel Mountains in southern 

California, furnishes a large part of the water supply of the City of Pasadena 


4. Kazmann, R. G., 1948, River infiltration as a source of ground water sup- 
ply. Author’s closure in Discussions: Am. Soc. Civil Engrs., Paper no. 
2339. 


5. Superv. Hydr. Engr., California Dept. of Water Resources, Sacramento, 
Calif. 
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and adjoining communities. The rapid development of the area in the 1920’s 
and 30’s was supported in large part by overdraft on the ground water reser- 
voir. As a consequence progressive lowering of the water table occurred, 
and it became apparent that remedial measures were called for if the utility 
of the ground water reservoir were to be preserved. In 1937, action was 
brought by the City of Pasadena in the Superior Court of the State of 
Californial against the major water users, to adjudicate their rights to 
waters of Raymond Basin. The suit, which was referred to the State Division 
of Water Resources as Referee,2 for investigation and report upon the physi- 
cal facts involved, culminated in a court order limiting total extractions from 
the ground water reservoir to 21,900 acre-feet per year, the safe yield under 
1937-38 conditions. Individual water rights were established, based on this 
limitation. A watermaster was appointed to supervise operation of the basin 
in accordance with the decree. However, the Court took cognizance of the in- 
herent variability of safe yield, and retained jurisdiction. Provision was also 
made for periodic review and redetermination of the safe yield. The order 
went into effect in 1944, and ground water pumpage was reduced to the 1937- 
38 safe yield, with the water supply deficit being met by a combination of de- 
creased export from the area and increased importation of water from the 
Colorado River through facilities of the Metropolitan Water District. As 
water requirements of the area continued to increase, additional supplies of 
Colorado River water were imported, while local extractions were kept 
within one per cent of the decreed limitation. The combination of increased 
imports and decreased exports materially affected the basin hydrology, as 
anticipated; and in 1950 the Court ordered a redetermination of the safe yield. 
It was found that safe yield under 1951-52 conditions was 30,800 acre-feet 
per year, an increase of 40 per cent over the 1937-38 value. Allowable total 
extractions were increased accordingly, although it was noted that a decrease 
in safe yield could be expected in the future if the continuing expansion of 
sewerage facilities throughout the area resulted in an increase in sewage 
export not accompanied by compensating change in items of ground water re- 
plenishment. Jurisdiction was still retained by the Court, so that further ad- 
justments can be made when warranted. 

The court reference procedure utilized in the Raymond Basin case has its 
defects, and efforts have been made to provide for statutory adjudication of 
ground water rights as a possible means of simplification. Despite its short- 
comings, however, this procedure provided a mechanism for controlled utiliz- 
ation of the ground water resources of the Raymond Basin, with provisions 
for periodic adjustment as required. It should be noted that vested rights 
have been fully recognized and protected, and that the safe yield of the ground 
water reservoir has been a fundamental factor. 

It might be justifiably postulated that periodic determination of the safe 
yield of a complex, highly developed ground water basin is an involved pro- 
cedure. This is true for the investigation conducted under the original 
Raymond Basin Reference. However, the extensive data collected during the 
investigation, and the comprehensive hydrologic records maintained by the 
watermaster in implementing the court decree, greatly facilitated the rede- 
termination of safe yield. In fact, preliminary analysis of accumulated data 


1. City of Pasadena vs. City of Alhambra, et al. No. Pasadena C-1323. 
2. This function was transferred to the State Water Rights Board as part of a 
reorganization effected in July 1956. 
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and operational experience indicate that there is a simple relationship be- 
tween imports,exports, sewage, ground water extractions, and safe yield of 
the Raymond Basin, and that safe yield for any specific stage of development 
in the basin can be readily estimated. Conversely, the level of “artificial re- 


tention”! required to maintain safe yield at any established value can be 
readily calculated. 


Conjunctive Operation 


The utilization of aquifers as underground storage reservoirs plays an 
important role in California’s plans for water development. The California 
Water Plan, a master guide for ultimate development of the State’s water re- 
sources, contemplates the “conjunctive operation” of 31 million acre-feet of 
underground storage together with 22 million acre-feet of surface storage to 
jointly regulate the erratic stream flows of the Sacramento-San Joaquin wa- 
tershed. This will be accomplished by integrated operation of all surface and 
ground water facilities in accordance with a master schedule. A fundamental 
tenet of the plan is that all existing rights and established interests in the use 
of water be fully considered and recognized. Thus determination of existing 
ground water rights is a prerequisite to any project for effective conjunctive 
operation of surface and underground storage under The California Water 
Plan. The total of these rights, under precedents established by the Raymond 
Basin case, would presumably be the safe yield of the underground reservoir. 


Therefore, evaluation of safe yield would be required in any detailed conjunc- 
tive operation study. 


Artesian Aquifers 


It is recognized that the “safe yield” concept is not particularly appropri- 
ate for some types of ground water reservoir. Its application to artesian or 
pressure aquifers, which function primarily as pipe lines or conduits, can be 
especially misleading or fallacious. 

An example within the writer’s experience involves a coastal artesian 
aquifer in California. This aquifer, which is in hydraulic continuity with the 
ocean, is transected by a fault roughly paralleling the coast and forming a 
partial barrier to ground water flow. Elevation of the piezometric ground 
water surface in the area lying between the coast and the fault is far below 
sea level; and subsurface inflow occurs across both of these boundaries. 
Thus, the area is receiving a perennial supply of fresh water across the fault, 
but is simultaneously subject to intrusion of sea water along the coast. In or- 
der to maintain fresh water inflow under present conditions, ground water 
elevations must remain below sea level and, in the absence of artificial coast- 
al barriers, sea-water intrusion will continue. Therefore, this fresh water 
supply cannot be considered a “safe yield.” It should be noted, however, that 
safe yield could be established for the complete hydrologic unit involved, 
which would include the recharge area. 


1. Imports minus exports minus sewage outflow. 
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Discussion 


The safe yield concept can be advantageously applied to underground 
reservoirs, provided there is adequate understanding of its limitations and 
characteristics. Examples have been presented to demonstrate its utiliza- 
tion in the development and regulation of ground water basins in California. 
An illustration of potential misuse of the concept has also been presented. 

The author points out the several functions of aquifers, and discusses 
their utilization as underground storage reservoirs. It is suggested by the 
author that “. . . if the replenishment is negligible or nonexistent, no peren- 
nial right to withdraw water should be granted since the available water sup- 
ply is not perennial.” To the writer, this statement appears to concur with 
the procedure adopted in the Raymond Basin, of using safe yield (in this case 
analagous to perennial replenishment) as a limit to total ground water 
extractions. 

The variable nature of ground water safe yield is found in its surface 
counterpart. The safe yield of a surface reservoir operated on an irrigation 
demand schedule will generally differ from that of the same reservoir used 
for power generation, or stream flow maintenance, flood control, or a com- 
bination of these. Variations may also be caused by siltation in the reser- 
voir, changes in the character or development of the tributary watershed, up- 
stream diversions, etc. Thus, with reference to inherent variability, the 
safe yield concept as applied to underground reservoirs differs from surface 
reservoir safe yield only in degree. 

It should be noted that recognition and utilization of the safe yield concept 
in ground water studies does not necessarily carry the connotation that safe 
yield should always be considered a limitation to ground water development. 
Much of the present development in California has been supported by “mining” 
the vast ground water reservoirs; in particular, the ready availability of 
cheap water supplies has been a major stimulus to establishment and growth 
of the flourishing economies of southern California and the San Joaquin Val- 
ley. Many of these reservoirs, however, have now been depleted to the point 
where curtailment of pumpage to a safe yield basis will soon be mandatory 
in order to avoid permanent impairment. Fortunately the wealth created dur- 
ing the “mining” period can justify and support the construction of extensive 
facilities for developing supplemental supplies. The intelligent exploitation 
of such ground water “mines” should be permitted, but at the same time, 
their safe yield potentials should be carefully evaluated, in anticipation of 
the time when operation must be changed to a sustaining basis which, inci- 
dentally, could include their use for storage and regulation of imported 
supplies. 

The writer submits that, despite its complexities and apparent vagaries, 
the safe yield concept has its use in ground water studies. However, it must 
be applied intelligently, and with full appreciation of its significance, limita- 
tions, and qualifications. 
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Discussion of 
“EVAPORATION FROM FREE WATER SURFACES AT HIGH ALTITUDES” 


by Harry F. Blaney 
(Proc. Paper 1104) 


CARL ROHWER, | M. ASCE.—Attempts to correlate the rate of evapora- 
tion with altitude usually lead to the conclusion that other factors are more 
important than altitude. As pointed out by the author, the change in evapora- 
tion with altitude is more closely related to the change in temperature than to 

the change in barometric pressure due to altitude. However, as shown in 
Figure 1, the correlation between temperature and evaporation is not good. 
Between Lone Pine Lake, elevation 10,000 ft., and Mexican Camp, elevation 
12,000 ft., there is a drop in average temperature of 9 degrees, whereas the 
decrease in evaporation is negligible. Between Soldiers Camp, elevation 
4,515 ft., and Junction South Fork and Lone Pine Creeks, elevation 7,125 ft., 
the temperature is the same, but there is a pronounced decrease in evapora- 
tion. These inconsistencies are probably due to the fact that wind and vapor 
pressure have an important effect on evaporation. These factors were not 
considered in these observations. 

The lack of correlation between evaporation and altitude is also shown by 
the data in Tables 2 to 5. In the study of evaporation from lakes at different 
altitudes, more consistent results should be obtained if more attention were 
given to factors such as wind velocity and difference in vapor pressure be- 
tween the air and the water surface, which are directly related to evapora- 
tion, than to the altitude which probably has only a minor effect. 

It is not the writer’s intention to imply that changes in barometric pres- 
sure have no effect on evaporation. It is a well-known fact that evaporation 
is increased if the pressure is reduced. This principle is used to increase 
evaporation in industrial processes which require the removal of excess 
liquids from products. The converse of this principle should also be true. 
Increasing the pressure should decrease the evaporation. It has, however, 
been difficult to apply this principle in the study of the effect of altitude on 
evaporation because the difference in vapor pressure and the wind velocity 
cannot be controlled in field experiments. 

The writer conducted tests in 1927 and 1928 on the effect of altitude on 
evaporation at various points in the United States at elevations ranging from 
68 ft. below sea level to 14,109 ft. above sea level.2 These tests show that 
when the effect of differences in wind velocity and vapor pressure were elimi- 
nated, the evaporation rate increased about 1.5 per cent per 1000 feet rise in 
elevation. This effect is so small that it may be ignored unless the differ- 
ence in elevation between two points under study is more than 5000 ft. be- 
cause all evaporation observations are subject to unavoidable errors which 


1. Senior Irrig. Engr. (Retired), Agri. Research Service, U. S. Dept. of Agri- 
culture, Colorado Agri. and Mech. College, Fort Collins, Colo. 

2. Evaporation from Free Water Surfaces by Carl Rohwer. Technical Bulle- 
tin No. 271, U. S. Dept. of Agriculture. 1931. 
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may completely overshadow the effect of differences in altitude. 
Since evaporation observations at high altitudes are usually limited to the 
ice-free months, means must be found for making reasonable estimates of 
the evaporation when the pan is ice covered. The author has shown how this 
can be done and the results are given in Tables 6 and 7. Data are available 
for evaluating this method for Fort Collins’ conditions. During the period 
from 1887 to 1927, observations on evaporation were made throughout the 
year on a Colorado buried pan, 3- x 3-ft. x 3-ft., set into the ground so about 
4 inches of the tank was above ground. Observations on the evaporation were 
made during the winter at times when the ice was melted free from the walls 
of the tank. The results of these observations are shown in Table 8, column 
8, together with the data reported by the author for the period from 1947-54. 
In order to make comparison possible, the Colorado pan evaporation was con- 
verted to Class A pan (column 9) by using conversion factor 1.13. The close 
agreement of the value computed by the author for the months of January, 
February, March, November and December with the observed values, 
columns 5 and 9, is apparent. The lake evaporation computed by the author 
and that computed by the writer from the Colorado pan data, columns 7 and 
10, are also in close agreement, the yearly totals being respectively 33.96 in. 


and 32.90 in. Since the records are for different periods, precise agreement 
should not be expected. 
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KENNETH M. TURNER.! J.M. ASCE.—Mr. Blaney has presented the pro- 
fession with a valuable tool for the extension of evaporation pan records. A 
rational method for extending seasonal pan records in order to obtain an es- 
timate of annual evaporation has long been needed. 

Parameters commonly used in evaporation formulas are temperature, air 
movement, humidity, vapor pressure, solar radiation and elevation. Of these 
only temperature and wind are measured at most evaporation-pan installa- 
tions. At high-altitude locations the anemometer is shifted from its position 
at the pan less than 2 ft. above the ground to a post several feet high when the 
pan record is discontinued in the fall. 

The only parameter which is measured under uniform conditions for a 
full year is temperature. The practicing engineer thus is limited to correla- 
tion of monthly evaporation with temperature for extension of pan records and 
correlation with elevation to adjust the pan record to other nearby locations. 

It should be noted that monthly mean temperature as reported by the U. S. 
Weather Bureau is the average of all the recorded daily maximum and mini- 
mum temperatures, and would therefore be better described as average 
monthly median temperature. This factor must be adjusted to relate it to 
actual heat units. Mr. Blaney has done this by multiplying average monthly 
temperature by the per cent of annual daylight hours, divided by 100. This 


quantity, vee , has been designated “monthly use factor” by Mr. Blaney. 


The writer is currently engaged in a study of the hydrology of the Truckee, 


Carson and Walker River Basins. In this study the monthly use factor, “<P ; 
was successfully used for both the extension of seasonal pan records and ad- 
justing pan records to uniform conditions by the method of double mass plot- 
ting. Examples of these relationships are demonstrated in figures 1 and 2. 


1. Asst. Hydr. Engr., California Dept. of Water Resources, Sacramento, Calif. 
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Figure 1, showing the correlation of monthly pan evaporation with the 
monthly use factor at Boca, demonstrates that although there is a wide scat- 
ter of points there is a definite trend which may be reduced to an equation of 
the form y = a + bx by the method of least squares. The departure from the 
curve of plus or minus 30 per cent in measured monthly evaporation would 
limit the use of monthly use factors in estimating evaporation to locations 
where summer pan evaporation is recorded. At such locations the missing 
months represent such a small proportion of the annual evaporation that the 
effect of the 30 per cent scatter is minimized. 

Evaporation and wind movement records are rather sensitive to changes 
in location, exposure and changes in equipment. Thus if it is necessary to 
use long-term evaporation records it may be necessary to reduce the record 
to a common basis through double mass plotting. Since evaporation stations 
are few and widely spaced, it is not always practical to plot against another 
station. In the Truckee Basin it was found possible to plot recorded accumu- 
lated seasonal evaporation against accumulated monthly use factors for the 
Same season. This method is considered valid since a minor change in loca- 
tion or exposure would have little effect on temperatures recorded in a stand- 
ard weather bureau shelter. A double mass plot of accumulated pan evapora- 
tion versus accumulated monthly use factors at Lake Tahoe is illustrated in 
figure 2. 

Previous investigations have found both evaporation and temperature to be 
inversely proportional to elevation. Table 1, which follows, demonstrates 
that this relationship is upset by other important factors. Reservoir evapora- 
tion at Boca is shown to be approximately equal to evaporation at Fallon, 
which is 1,570 feet lower in elevation. Reservoir evaporation at Lahontan 
Dam is shown to be 26 per cent greater than that at Fallon, although the ele- 
vation difference is only 235 feet. Average temperatures are similarly con- 
fused. Temperature at Tahoe is approximately equal to that at Boca although 
there is an elevation difference of 695 feet. Average temperature at Lahontan 
Dam is greater than that at Fallon. The only variable which explains this con- 
fusion is humidity. Boca and Lahontan are located on dry, sagebrush-covered 
hillsides. Tahoe and Fallon are located in relatively humid conditions created 
by a 193-square-mile lake in the former case and 70,000 acres of irrigated 
land in the latter. 

It would be very desirable to establish a relationship between monthly use 
factor and evaporation. However, inspection of available records indicates 
that any emperical evaporation formula would have to include humidity and 
air movement as parameters as well as temperature. Such an emperical 
formula should be developed with the objective of being able to utilize the 
temperature, humidity and wind records collected by the U. S. Weather 
Bureau in connection with their aircraft flight weather, and forest fire wea- 
ther forecasting programs. 

The development of an emperical formula for computing reservoir evapor- 
ation from commonly measured climatological data will require much addi- 
tional study. 

It is suggested that the reservoirs of the Lahontan Basin offer an excellent 
opportunity to study evaporation in relation to pan records and such parame- 
ters as temperature, humidity, elevation and wind movement. Boca, Lahontan, 
Topaz Lake and Weber reservoirs are all located at different elevations in an 
area of low precipitation, and would be subject to fairly accurate inflow- 
outflow measurements. 


: 
aod 


Wind movement, miles 


10,420 


Pracipitation, inches 31.24 


Climate 


Semi humid 


17,440 
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21.66 


Arid 


Standard U. S. Weather Bureau pan. 


by correlation of net yield of Lake Tahoe Basin with 
runoff of Truckee River between Tahoe outlet and 
California-Nevada State Line. 


Standard U. S. Weather Bureau pan, 


Standard U. S. Weather Bureau pan. 
by reservoir inflow-outflow measurements. 


Ground pan surrounded by irrigated pasture. 


21,100 


5.12 


Arid Semihumid 


Pan factor computed 


Pan factor computed 
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TABLE 1 
AVERAGE ANNUAL CLIMATOLOGICAL DATA 
FOR PERIOD 1940 to 1947 
Station 
California Nevada 
$ H : Fallon 
Lake B :Lahontan :Experiment 
: Tahoe : : Station 
$ 2 3 4 
Elevation, feet 6,230 5,535 4,200 3,965 
Extended pan, evapo- 
ration, inches 33.98 61.71 82.04 52.25 
Pan factor 0.80 0.80 0.83 0.95 
Estimated reservoir 
evaporation, inches 27.19 49.37 68.18 49.64 
Monthly use factor 
(_t xp) 43.53 55.86 52.46 
( 100 ) 
Average temperature, °F 42.5 42.8 53.7 50.6 
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The views of the writer on use of monthly use factors as proposed by Mr. 
Blaney may be summarized as follows: 


1. Monthly use factors may be used to estimate months of missing pan 
record at locations where evaporation pans are operated during the irrigation 
season. 

2. Monthly use factors may be used to reduce a pan evaporation record to 
uniform conditions by the method of double mass plotting where the record 
has been effected by changes in type of equipment or minor changes in 
location. 

3. The use of monthly use factors to compute evaporation at locations 
where pan evaporation is not measured shows promise. However, other 
parameters such as humidity and air movement will probably have to be 
considered. 

4. Research on this matter should be continued with the objective of es- 
tablishing an evaporation formula based on parameters which are commonly 
measured and recorded at the present time. 


IRVIN M. INGERSON,! M. ASCE, and JOHN W. SHANNON.2—The measure- 
ment of evaporation from free water surfaces is a difficult problem at any al- 
titude, and, as Mr. Blaney has pointed out, a particularly difficult problem at 
high altitudes. The use of pans or the use of monthly mean temperatures 
does offer a method of estimating evaporation from the water surfaces. 
Whether or not monthly mean temperatures multiplied by the per cent of day- 
light hours adequately integrates all of the parameters affecting evaporation 
remains an open question. 

In the opinion of the writers of this discussion, the size and shape of the 
lake or reservoir has a pronounced effect upon the evaporation rate. The ex- 
posure and aspect of the water surface in relation to the prevailing wind 
direction, the vapor pressure deficit of the air mass, and the turbulence of 
the wind movements are likewise dominant factors in determining rates of 
evaporation. Unquestionably, the locations of the pan or temperature records 
in relation to the water surface would make a great deal of difference, depend- 
ing on whether or not the point of measurement was influenced by the water 
surface. 

Studies made by Irvin M. Ingerson in 1931 on Big Sage Reservoir in Modoc 
County near Alturas, California, shows a definite relationship of rate of evapo- 
ration to the size and shape of the water surface.3 

Despite many statements to the contrary, it is believed to be a logical con- 
clusion to state that the distance over water surfaces across which air must 
pass influences the vapor pressure deficit of that air and, in time, decreases 
the absorptive powers of that air. 

It is pointed out that too many of our experimental and observational data 
have been collected in and around relatively small water surface areas. The 
results, therefore, have too often been assumed to indicate that surface area 


1. Prin. Hydr. Engr., Dept. of Water Resources, Sacramento, Calif. 

2. Land and Water Use Specialist, Dept. of Water Resources, Sacramento, 
Calif. 

3. Supervision of Diversions from Pit River and Rattlesnake Creek in Hot 
Springs Valley Modoc County, California, Season of 1931. By Irvin M. 
Ingerson. Publication of Division of Water Resources, Department of Pub- 
lic Works, State of California, 1932. 
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is not a Substantial parameter. The results indicated from the Big Sage 
Reservoir appear to point out that water surface areas that are wide and ex- 
pansive do introduce a heretofore unused parameter which involves, probably, 
the average radius or the width of the water surface as measured in relation 
to the prevailing wind direction. 

It is further pointed out that if the ordinarily used parameters which affect 
water surface evaporation are projected to a determination of the evapora- 
tion from great bodies of water, such as the oceans of the world, the results 
would indicate such extraordinary quantities and such a deluge of precipita- 
tion over the land areas as to question the validity of the values of the 
parameters used. Therefore, in the cases of larger and more expansive 
reservoirs which are being developed in California, it is believed to be a 
logical conclusion that further investigations and observations should be 
made of present large reservoirs or lakes. 

Toward that end, it is suggested that reservoirs in the Lahontan area, 
such as Big Sage Reservoir, which lie on relatively impermeable beds, and 
reservoirs or lakes in the High Sierra which lie on solid rock in glacial 
cirques, lend themselves to opportunities to obtain accurate inflow-outflow 
measurements necessary for the determination of accurate reservoir 
evaporation losses. 

It is believed that, until such a comprehensive program of full-scale 
measurement of actual reservoir losses is made, the whole process of 


determining reservoir losses, particularly at high altitude, cannot be 
consummated. 
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Discussion of 
“IRRIGATION REQUIREMENTS BASED ON CLIMATIC DATA” 


by George H. Hargreaves 
(Proc. Paper 1105) 


M. A. SELIM,* M. ASCE.—Mr. Hargreaves, in his paper, raises some in- 

teresting points in the application of Blaney-Criddle formula for determining 
irrigation requirements based on climatic data—especially in the transfer of 
consumptive-use data from one climatic region to another. 

Such transfer was tackled, perhaps for the first time, in Egypt, when the 
subject of irrigation requirements was studied in connection with the agricul- 
tural extension program in Egypt in an area east of the Suez Canal in the 
Sinai Peninsula. A summary of the study was summarized in a paper sub- 
mitted by the writer and M. A. El Oraby, member of the Technical Staff of 
the National Production Council, to the third congress of the International 
Commission on Irrigation and Drainage under the topic, “An approach for 
water requirements in the desert areas in Egypt.” 

In this paper, the writer endeavored to compare the two methods which 
have been used in estimating the project’s total water requirements desig- 
nated as Egyptian practice and the Blaney-Criddle method for the same crop 
pattern. 

In determining water requirements for this desert area, it required in- 
vestigation of the actual amounts of water which must be applied to each crop 
and probable losses, such as waste which inevitably occurs on the farm itself 
as well as conveyance losses in the canal and delivery systems upstream of 
the farm. 

The first method follows the Egyptian practice based on long observations 
and experience of relating an area’s total irrigation requirement to the type 
of soil, climate conditions and kind of crops. 

The second method, by applying the Blaney-Criddle formula, provides an 
estimate of the consumptive use of each crop. Applying estimated farm irri- 
gation and conveyance efficiencies to the consumptive use gives an estimate 
of the total irrigation requirement. 

The two methods provide comparable estimates of crop duty and farm irri- 
gation requirements for the project. The comparison of the two methods was 
restricted to water requirements during the dry season, February through 
July, when the total supply to the project is limited. 

The field irrigation requirement for a particular crop is not directly de- 
termined in the Egyptian method. This crop duty, however, is computed from 
the total amount of water delivered, and number of irrigations required by the 
crop during its growing season or other period of time. Accordingly, the total 


dry-season farm irrigation requirements for various crops have been 
estimated. 


* Former Prof. of Irrig. and Drainage, Cairo Univ.; member, Permanent 


Council for the Development of National Production and member, El-Sadd 
El Aaly Authority, Egypt. 
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In the second method, the Blaney-Criddle formula was used to determine 
the consumptive use from ordinary climatological data of the monthly per- 
centage of daylight hours of the year (P) and mean monthly temperature (t) 
available for the project area. For the calculation of percent of daylight 
hours (P), a latitude of 30945' north was adopted as representative of the pro- 
ject area. Consumptive-use coefficients adopted to the project have been 
estimated in comparison withthose in general use in U.S. Because of the 
very low precipitation on the area, effective precipitation has been disregarded 
and the total evapotranspiration loss has been taken as the consumptive use 
requirements of irrigation water. Monthly consumptive-use rates for each 
crop expressed in terms of millemeters of depth and the total consumptive use 
for each crop in the dry season (February through July) expressed in cubic 
meters/ Feddan (1 feddan = 1.038 acres) were computed from the above data. 

In order to compare the two methods of computation, the estimates of crop 
duty computed by the Egyptian method and the consumptive use computed by 
the Blaney-Criddle formula, were correlated for the dry season by plotting 
the data shown in Table I. The results are shown on Plate I. The close cor- 
relation sustains the validity of the computations. It shows that, in general, 
the method used in Egypt results in conclusions substantially equivalent to 
those which would be reached by the Balney-Criddle method. 

Since one set of data represents consumptive use of crops and the other 
represents farm deliveries, the slope of the curve at any point is an indica- 
tion of the approximate farm irrigation efficiency. It shows, generally, that 
under stabilized conditions on the area under consideration, farm irrigation 
efficiencies for crops having a low consumptive use may approach 85% while 
those having a higher consumptive use might have efficiencies closer to 75% 
where water is applied more frequently as in the case of garden vegetables, 
efficiencies might drop to around 55%. Experience on established irrigation 
projects verifies the conclusion developed from this correlation. 

This comparison could be considered as an attempt to verify the validity 
of using climatic data in the computation of irrigation requirements in Egypt. 
However, the comparison is limited by certain conditions and it is hoped that 
work would proceed to improve this correlation and to widen the scope of 
application of this method which might lead to improved irrigation efficiencies 
and water savings. 
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TABLE I. 


Estimated Crop Duty of Water computed by 
Egyptian Method compared with consumptive 
use by Blaney-Criddle Formula 


Total Dry Season Total Consumptive use 
Field Delivery Dry Season 
Egyptian Practice Blaney-Criddle Method 


Field Crops. 


Berseem 


Wheat 1080 930 
Pulses 720 660 
Millet 2520 2180 
Fodder Millet 1800 1480 


Maize 


Barley ( 
Water mellon ) 


Sesame 
Groundnuts 


Crops. 


Vegetables 


Crchards. 


Citrus 
Mangoes 2880 2400 
Grapes, Almonds etc. 
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PROCEEDINGS PAPERS 


The technical papers published in the past year are identified by number below. Technical- 
division sponsorship is indicated by an abbreviation at the end of each Paper Number, the 
symbols referring to; Air Transport (AT), City Planning (CP), Construction (CO), Engineering 
Mechanics (EM), Highway (HW), Hydraulics (HY), Irrigation and Drainage (IR), Pipeline (PL), 
Power (PO), Sanitary Engineering (SA), Soil Mechanics and Foundations (SM), Structural (ST), 
Surveying and Mapping (SU), and Waterways and Harbors (WW), divisions. Papers sponsored by 
the Board of Direction are identified by the symbols (BD). For titles and order coupons, refer 
to the appropriate issue of “Civil Engineering.” Beginning with Volume 82 (January 1956) papers 
were published in Jounals of the various Technical Divisions. To locate papers in the Journals, 
the symbols after the paper numbers are followed by a numeral designating the issue of a 
particular Journal in which the paper appeared, For example, Paper 1113 is identified as 1113 


(HY6) which indicates that the paper is contained in the sixth issue of the Journal of the Hy- 
draulics Division during 1956. 
VOLUME 82 (1956) 


MAY; 961(IR2), 962(IR2), 963(CP2), 964(C P2), 965(WW3), 966(WW3), 967(WW3), 968(WW3), 969 
(WW3), 970(ST3), 971(ST3), 972(ST3)°, 973(ST3), 974(ST3), 975(WW3), 976(WW3), 977(IR2), 
978(AT2), 979% AT2), 980(AT2), 981(IR2), 982(IR2)° ,983(HW2), 984(HW2), 985(HW2)°, 986(ST3), 
987(AT2), 988(CP2), 989(AT2), 


JUNE: 990(PO3), 991(PO3), 992(PO3), 993(PO3), 994(PO3), 995(PO3), 996(PO3), 997(PO3), 998 
(SA3), 999(SA3), 1000(SA3), 1001(SA3), 1002(SA3), 1003(SA3)°, 1004(HY3), 1005(HY3), 1006 
(HY3), 1007(HY3), 1008 (HY3), 1009 (HY3), 1010 (HY3)°, 1011 (PO3)", 1012 (SA3). 1013 (SA3), 
1014(SA3), 1015(HY3), 1016(SA3), 1017(PO3), 1018(PO3). 


JULY: 1019(ST4), 1020(ST4), 1021(ST4), 1022(ST4), 1023(ST4), 1024(ST4)°, 1025(SM3), 1026 
(SM3). 1027(SM3), 1028(SM3)°, 1029(EM3), 1030(EM3), 1031(EM3), 1032(EM3), 1033(EM3)°. 


AUGUST: 1034(HY4), 1035(HY4), 1036(HY4), 1037(HY¥4), 1036(HY4), 1039(HY4), 1040(HY4), 
1041(HY4)©, 1042(PO4), 1043(PO4), 1044(PO4), 1045(PO4), 1046(PO4)¢, 1047(SA4), 1048 
(SA4)¢, 1049(SA4), 1050(SA4), 1051(SA4), 1052(HY4), 1053(SA4). 


SEPTEMBER. 1054(STS5), 1055(ST5), 1056(STS), 1057(STS), 1058(STS), 1059(WW4), 1060(ww4), 


1061(WW4), 1062(WW4), 1063(WW4), 1064(SU2), 1065(SU2), 1066(SU2), 1067(ST5)~, 1068 
(wwa4)°, 1069(WW4). 


OCTOBER: 1070(EM4), 1071(EM4), 1072(EM4), 1073(BM4), 1074(HW3), 1075 (HW3), 1076(HW3), 
1077(HY5), 1078(SA5), 1079(SM4), 1080(SM4), 1081(SM4), 1082(HY5), 1083(SA5), 1084(SA5), 


1085(SA5), 1086(PO5), 1087(SA5), 1088(SA5), 1089(SA5), 1090(HW3), 1091(EM4)°, 1092 
(HY5)©, 1093(@HW3)*, 1094(PO5)°, 1095(sM4)°, 


NOVEMBER: 1096(ST6), 1097(ST6), 1098(ST6), 1099(ST6), L00(ST6), LIOK(ST6), NO2(IR3), 03 


(IR3), N04(IR3), U06(STS), UOS(STE), NOXATS), 


DECEMBER: 111XHY6), 1114(HY6), 1115(SA6), 1116(SA6), 1117(SU3), 1118(SU3), 1119(WW5), 
1120(WW5), 1121(WW5), 1122(WW5), 1129(WW5), 1124(WW5)°, 1125(BD1)°, 1126(SA6), 1127 
(SA6), 1128(WW5), 1129(SA6)°, 1130(PO6)°, 1131(HY6)°, 1132(PO6), 1133(PO6), 1134(PO6), 
1135(BD1). 


VOLUME 83 (1957) 


JANUARY: 1136(CP1), i137(CP1), 1138(EM1), 113QEM1), 1140(2M1), 1141(EM1), 1142(SM1), 
1143(SM1), 1144(8M1). 1145(SM1), 1146(ST1), 1147(ST1), 1148(ST1), 1149(ST1), 1150(ST1), 
1151(ST1), 1152(CP1)°, 1153(HW1), 1154(em1)°, 1155(SM1)°, 1156(ST1)°, 1267(EMi), 1158 
(EM1), 1159(SM1), 1160(SM1), 1161(SM1), 


FEBRUARY: 1162(HY1), 1163(HY1), 1164(HY¥1), 1165(HY¥1), 1166(HY1), 1167(HY1), 1168(SA1), 
1169(SA1), 117Q(SA1), 1171(SA1), 1272(SA1), 1173(SA%), 1174(SA1), 1175(SA1), 1176(SA1), 
1177{HY1)©, 1278(SA1), 1179(SA1), 1180(SA1), 1181(SA1), 1162(PO1), 1183(PO1), 1184(PO}1), 


MARCH: 1186(ST2), 1187(ST2), 1188(ST2), 1169(ST2), 1190(ST2), 1191(ST2), 1192(ST2)°, 1193 
1194(PL1), 1195(PL1). 


APRIL: 1196(EM2), 1198(HY2), 1199(HY2), 1200(HY2), 1201(HY2), 1202(HY2), 1202 
(SA2), 1204(SM2), 1205(SM2), 1206(SM2), 1207(SM2), 1208(WW1), 1209(WW1), 1216(ww1), 
1211(WW1), 1212(EM2), 1213(EM2), 1214(BM2), 1215(P02), 1216(PO02), 1217(PO2), 1218 
(SA2), 1219(SA2), 1220(8A2), 1221(SA2), 1222(SA2), 1223(SA2), 1224(8A2), 1225(PO)C, 1226 
(wwi)°, 1227(8A2)°, 1228(SM2)°, 1230(HY2)°. 

MAY: 1231(ST3), 1232(ST3), 1233(ST3), 1234(ST3), 1235(IR1), 1236(IR1), 1237(Ww2), 1238(ww2), 
1239(WW/2), 1240(WWA), 1241(WW2), 1242(WW2), 1243(Ww2), 1244(HWw1), 1245(HW1), 1246 
(HW1), 1247(HW1), 1248(WW2), 1249(9W1), 1250(HWw1), 1251(Ww2), 1252(WW2), 1253(IR1), 
1254(ST3), 1255(ST3), 1256(HW1), 1257(IR1)¢, 125@(HW1)°, 1259(ST3)°. 


c. Discussion of several papers, grouped by Divisions. 
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